Introduction {#s1}
============

The human voice is a critical social stimulus in children's environment, and engaging with vocal sounds is important for language ([@bib38]; [@bib12]) and social-emotional learning ([@bib20]) during typical development. However, children with autism spectrum disorder (ASD) are often not responsive to voices ([@bib33]; [@bib30]), and it has been hypothesized that voice processing deficits contribute to pronounced social communication difficulties in ASD ([@bib35]; [@bib39]; [@bib78]). A special case of voice processing impairments in children with ASD is a deficit in processing mother's voice ([@bib35]), a biologically salient and implicitly rewarding sound for typically developing (TD) children ([@bib40]; [@bib69]), which is closely associated with cognitive ([@bib38]; [@bib12]) and social development ([@bib20]; [@bib6]). Compared to studies of visual face processing ([@bib15]; [@bib17]; [@bib23]; [@bib57]; [@bib63]), very little is known regarding the neurobiology of voice processing networks in children with ASD, which is fundamental to human communication.

It remains unknown why children with ASD often do not engage with the voices in their environment. Specifically, it is not known which aspects of voice processing are impaired in children with ASD. One possibility is that sensory deficits negatively affect voice processing and contribute to social communication deficits ([@bib24]; [@bib48]; [@bib61]; [@bib47]; [@bib41]; [@bib79]). A second possibility relates to the motivation to engage with socially relevant stimuli ([@bib11]; [@bib18]; [@bib56]; [@bib13]). The social motivation theory of ASD posits that impairments in representing the reward value of human vocal sounds impedes individuals with ASD from engaging with these stimuli, and contributes to social interaction difficulties ([@bib17]; [@bib11]). While this is a prominent model for considering social communication function in ASD, there has been a dearth of compelling experimental evidence showing aberrant reward processing in response to clinically meaningful social stimuli ([@bib13]).

An important approach for testing theories of ASD is the use of human brain imaging methods and functional circuit analyses. Behavioral studies are limited in their ability to provide details regarding the neural mechanisms underlying distinct aspects of social information processing, and systems neuroscience analyses can uncover important aspects of social information processing that may be impaired in individuals with ASD. For example, the social motivation theory posits that individuals with ASD show reduced engagement and connectivity in the mesolimbic reward system, including the ventral tegmental area (VTA), nucleus accumbens (NAc), orbitofrontal cortex (OFC), and ventromedial prefrontal cortex (vmPFC), and structures of the salience and affective processing systems, instantiated in the anterior insula and amygdala, during social processing ([@bib11]).

Previous brain imaging research of voice processing in adults with ASD has supported the sensory deficit model by showing reduced regional activity in voice-selective superior temporal sulcus (STS) ([@bib27]; [@bib62]), a core region associated with structural analysis of the human voice ([@bib9]). However, several factors have precluded thorough tests of prominent ASD theories in the context of the neurobiology of voice processing. First, there have been few studies examining voice processing in ASD, particularly when compared to the extensive face processing literature ([@bib15]; [@bib23]; [@bib57]; [@bib63]; [@bib8]; [@bib16]). Second, previous studies have not employed biologically salient voices (e.g. mother/caregiver), which are thought to be implicitly rewarding ([@bib11]), to probe brain circuit function in children with ASD. For example, a recent study in TD children showed that, compared to unfamiliar voices, mother's voice elicits activation within voice-selective, mesolimbic reward, affective, and salience, and face-processing brain regions, and connectivity between these regions predicts social communication abilities ([@bib5]). Third, previous studies of voice processing have focused on group differences in brain activity between individuals with ASD and matched controls but have not examined how individual variation in social communication abilities are associated with social brain circuit function in ASD. Finally, although autism has been conceptualized as a disorder of brain connectivity ([@bib70]; [@bib76]), previous brain imaging studies of human voice processing in ASD have focused on regional activation profiles in voice-selective cortex ([@bib27]; [@bib62]) and have not employed a brain networks perspective. Importantly, a brain networks approach goes beyond describing activation in circumscribed brain regions and accounts for the coordinated activity in distributed brain systems during social information processing, and would provide considerable insight into aberrancies in several critical brain systems in ASD ([@bib22]; [@bib71]; [@bib72]). For example, a previous resting state fMRI study investigated intrinsic connectivity of voice-selective cortex and showed that children with ASD have reduced connectivity between voice-selective STS and key structures of the mesolimbic reward system, anterior insula, and amygdala ([@bib3]). Moreover, the strength of intrinsic connectivity in this network predicted social communication abilities in children with ASD. While intrinsic network findings support the social motivation theory of ASD, a critical question remains: do results from intrinsic connectivity reflect an epiphenomenon, or is aberrant brain connectivity in voice and reward brain systems during the processing of biologically salient and clinically relevant voices a signature of social communication deficits in children with ASD?

Here, we examine social information processing in children with ASD by probing brain circuit function and connectivity in response to human vocal sounds. We examined two aspects of voice processing: (1) unfamiliar voice processing compared to non-social auditory processing (i.e. environmental sounds) and (2) mother's voice compared to unfamiliar voice processing ([Figure 1a](#fig1){ref-type="fig"}). The rationale for this approach is that these two levels of social information processing may reflect distinct neural signatures in voice-selective, salience, and reward processing brain systems in children with ASD. A key aspect of our analysis was to investigate whether brain activity and connectivity in response to these vocal contrasts reflects individual differences in social communication abilities in children with ASD ([@bib45]). A second aspect of the analysis was to build on results from a previous intrinsic connectivity study of the voice processing network in children with ASD ([@bib3]) to examine whether stimulus-evoked connectivity patterns within this network during unfamiliar and mother's voice processing can reliably distinguish children with ASD from TD children and predict social communication abilities in children with ASD.

![fMRI Experimental design, acoustical analysis, and behavioral results.\
(**A**) Randomized, rapid event-related design: During fMRI data collection, three auditory nonsense words, produced by three different speakers, were presented to the child participants at a comfortable listening level. The three speakers consisted of each child's mother and two control voices. Non-speech environmental sounds were also presented to enable baseline comparisons for the speech contrasts of interest. All auditory stimuli were 956 ms in duration and were equated for RMS amplitude. (**B**) Acoustical analyses show that vocal samples produced by the participants' mothers were comparable between TD (yellow) and ASD groups (magenta) and were similar to the control samples (cyan) for individual acoustical measures (p\>0.10 for all acoustical measures; see Appendix, *Acoustical analysis of mother's voice samples*). (**C**) All TD children and the majority of children with ASD were able to identify their mother's voice with high levels of accuracy, however five children with ASD performed below chance on this measure (see Appendix, *Identification of Mother's Voice*). The horizontal line represents chance level for the mother's voice identification task.](elife-39906-fig1){#fig1}

Results {#s2}
=======

TD vs. ASD activation differences in response to unfamiliar voices {#s2-1}
------------------------------------------------------------------

Direct group comparisons between TD children and children with ASD in response to unfamiliar female voices show that children with ASD have reduced activity in a relatively small set of brain regions confined to lateral temporal cortex ([Figure 2A](#fig2){ref-type="fig"}; see [Appendix 1---table 1](#app1table1){ref-type="table"} for effect sizes and [Appendix 1---figure 2](#app1fig2){ref-type="fig"} for within-group results). Specifically, children with ASD show reduced activity in right hemisphere planum polare (PP), an area of auditory association cortex within the superior temporal gyrus. Within-group signal level analysis showed that TD children have greater activity for unfamiliar female voices, compared to environmental sounds, in this brain region (i.e. positive βs; see [Appendix 1---figure 3A](#app1fig3){ref-type="fig"}) while children with ASD show weaker activity for this same contrast (i.e. negative βs for unfamiliar voices compared to environmental sounds). No brain regions showed greater activity for unfamiliar female voices in the ASD, compared to the TD, group.

![Brain activity difference in TD children compared to children with ASD in response to vocal stimuli.\
(**A**) Group comparisons indicate that TD children show greater activity compared to children with ASD in right-hemisphere auditory association cortex (planum polare (PP)) in response to the unfamiliar female voices \> non-vocal environmental sound contrast. No regions showed greater activity in children with ASD compared to TD children for the unfamiliar female voice contrast. (**B**) Group comparisons indicate that TD children show greater activity in several visual processing regions, including bilateral intercalcarine cortex, lingual gyrus, and fusiform cortex, as well as right-hemisphere posterior hippocampus and superior parietal regions, in response to the mother's voice \> unfamiliar female voices contrast. No regions showed greater activity in children with ASD compared to TD children for the mother's voice contrast.](elife-39906-fig2){#fig2}

TD vs. ASD activation differences in response to mother's voice {#s2-2}
---------------------------------------------------------------

Direct group comparisons between brain responses measured from TD children and children with ASD in response to mother's voice relative to unfamiliar female voices revealed that children with ASD have reduced activity in several visual processing regions as well as key structures of the medial temporal lobe memory system ([Figure 2B](#fig2){ref-type="fig"}; see [Appendix 1---table 1](#app1table1){ref-type="table"} for effect sizes and [Appendix 1---figure 4](#app1fig4){ref-type="fig"} for within-group results). Specifically, whole-brain analysis revealed that TD children had greater activation compared to children with ASD for mother's voice in bilateral intercalcarine cortex extending into lingual gyrus. Moreover, children with ASD showed reduced activity compared to TD children in a broad extent of fusiform gyrus bilaterally, including both left-hemisphere occipital regions of fusiform as well as temporal occipital regions in the right-hemisphere. Children with ASD also showed less activity for mother's voice in right-hemisphere posterior hippocampus, a critical region for learning and memory, as well as precuneus cortex of the default mode network. Signal level analysis shows that TD children have greater activity for mother's voice compared to unfamiliar female voices in these brain regions (i.e. positive βs; see [Appendix 1---figure 3B](#app1fig3){ref-type="fig"}) while children with ASD show weaker activity for mother's voice (i.e. negative βs). No brain structures showed greater activity for mother's voice in the ASD, compared to the TD, group. Moreover, fMRI activation profiles in children with ASD were not related to mother's voice identification accuracy (see Appendix, *fMRI activation and connectivity profiles in children with ASD are not related to mother's voice identification accuracy*).

Brain activity and social communication abilities {#s2-3}
-------------------------------------------------

Identifying sources of variance in key symptom domains represents an important question for autism research. We performed a whole-brain linear regression analysis using individual social communication scores as a predictor of brain activation. We first examined this relation in the context of general vocal processing using the unfamiliar female voices minus environmental sounds contrast. Results from this analysis show a striking pattern: the strength of activity in a variety of brain systems serving auditory, reward, and salience detection is correlated with social communication abilities in children with ASD ([Figure 3A](#fig3){ref-type="fig"}; see [Appendix 1---table 2](#app1table2){ref-type="table"} for effect sizes). Specifically, this pattern was apparent in auditory association cortex of the superior temporal plane, including the PP, but also in the nucleus accumbens of the reward pathway, and anterior insula of the salience network. Scatterplots show that brain activity and social communication abilities vary across a range of values and greater social function, reflected by lower social communication scores, is associated with greater brain activity in these auditory, reward, and salience processing regions. Support vector regression (SVR) analysis ([@bib5]; [@bib14]) showed that the strength of activity in these regions was a reliable predictor of social communication function in these children (*R* ≥ 0.49; p ≤ 0.011 for all regions).

![Activity in response to vocal stimuli and social communication abilities in children with ASD.\
(**A**) In children with ASD, the whole-brain covariate map shows that social communication scores are correlated with activity strength during unfamiliar female voice processing in auditory association cortex, the NAc of the reward system, and AI of the salience network. Scatterplots show the distributions and covariation of activity strength in response to unfamiliar female voices and standardized scores of social communication abilities in these children. Greater social communication abilities, reflected by smaller social communication scores, are associated with greater brain activity in these regions. (**B**) The whole-brain covariate map shows that social communication scores are correlated with activity strength during mother's voice processing in primary auditory and association cortex, voice-selective STS, vmPFC of the reward system, AI and rACC of the salience network, and SMA.](elife-39906-fig3){#fig3}

We next examined the question of heterogeneity in the context of mother's voice processing, and results show a similar pattern: children with ASD with greater social communication abilities showed greater activation for mother's voice in a wide extent of primary auditory, auditory association, and voice-selective cortex as well as mesolimbic reward, salience detection, and motor regions ([Figure 3B](#fig3){ref-type="fig"}). Specifically, this brain-behavior relationship was evident in auditory regions of superior temporal cortex, including medial aspects of bilateral Heschl's gyrus, which contains primary auditory cortex, right-hemisphere PP of the superior temporal plane, as well as bilateral voice-selective mSTS. This relationship was also observed in regions of the salience network, including dorsal aspects of AI bilaterally and right-hemisphere rostral ACC (rACC), as well as vmPFC of the reward network. SVR results indicated that the strength of activity in these particular brain regions during mother's voice processing was a reliable predictor of social communication function in these children (*R* ≥ 0.50; p ≤ 0.009 for all regions).

Connectivity patterns predict group membership {#s2-4}
----------------------------------------------

Functional connectivity was examined using a generalized psychophysiological interaction (gPPI) model within an extended voice processing brain network defined *a priori* from intrinsic connectivity results described in a previous study in children with ASD ([@bib3]) ([Figure 4A](#fig4){ref-type="fig"}). This approach allows us to systematically build upon our previous findings while preempting task and sample-related biases in region-of-interest (ROI) selection. This extended voice processing network included ROIs in voice-selective STS, structures of the reward and salience networks, amygdala, hippocampus, and fusiform cortex (see [Appendix 1---table 3](#app1table3){ref-type="table"} for details of this network). There were no univariate group differences in individual links during either unfamiliar voice ([Figure 4B](#fig4){ref-type="fig"}) or mother's voice processing ([Figure 4C](#fig4){ref-type="fig"}) after correcting for multiple comparisons (FDR, *q* \< 0.05). Support vector classification (SVC) results showed that multivariate connectivity patterns during unfamiliar voice processing were unable to predict group membership above chance (SVC Accuracy = 51.6%, p = 0.31); however, multivariate connectivity patterns during mother's voice processing accurately predicted TD vs. ASD group membership (SVC Accuracy = 70.4%, p = 0.001). We performed a confirmatory analysis using a different logistic regression classifier (GLMnet, generalized linear model via penalized maximum likelihood) and results were similar to the SVC results (unfamiliar voice processing: 54.8%, p = 0.78 (not significant); mother's voice: 80.9%, p = 0.010). These SVC results held even after accounting for group differences in mother's voice identification accuracy (see Appendix, *fMRI activation and connectivity profiles in children with ASD are not related to mother's voice identification accuracy*). Results show that patterns of brain connectivity during biologically-salient voice processing, but not unfamiliar voice processing, can distinguish children with ASD from TD children.

![Functional connectivity in the extended voice-selective network and TD vs. ASD group membership.\
(**A**) The brain network used in connectivity analyses, which includes voice-selective, reward, salience, affective, and face-processing regions, was defined *a priori* from intrinsic connectivity results described in a previous study of children with ASD ([@bib3]). (**B-C**) Group difference connectivity matrices shows differences in connectivity between TD children and children with ASD for all node combinations during (**B**) unfamiliar female voice processing and (**C**) mother's voice processing. Results from multivariate connectivity analysis show that connectivity patterns during mother's voice processing can accurately predict TD vs. ASD group membership; however, connectivity patterns during unfamiliar female voice processing are unable to accurately predict group membership.](elife-39906-fig4){#fig4}

Connectivity patterns predict social communication abilities {#s2-5}
------------------------------------------------------------

We next examined the relation between connectivity beta weights in each cell of the connectivity matrix and social communication scores in children with ASD. There were no significant univariate correlations between the strength of brain connectivity during either unfamiliar ([Figure 5B](#fig5){ref-type="fig"}) or mother's voice processing ([Figure 5C](#fig5){ref-type="fig"}) and social communication abilities. We then performed support vector regression (SVR) to examine whether multivariate patterns of connectivity during voice processing accurately predict social communication abilities in these children. Given that brain activation results showed that both unfamiliar ([Figure 3A](#fig3){ref-type="fig"}) and mother's voice processing ([Figure 3B](#fig3){ref-type="fig"}) explained variance in social communication abilities, we used a combination of connectivity features from both vocal conditions for this analysis. SVR results showed that multivariate connectivity patterns during unfamiliar and mother's voice processing accurately predict social communication scores in children with ASD (*R* = 0.42, p = 0.015). We performed a confirmatory analysis using GLMnet and results were similar to the SVR results (social communication prediction: *R* = 0.76, p \< 0.001). Furthermore, when children with below chance accuracy on the mother's voice identification accuracy were removed from the analysis, this result held and connectivity patterns were still predictive of social communication scores (see Appendix, *fMRI activation and connectivity profiles in children with ASD are not related to mother's voice identification accuracy*).

![Functional connectivity in the extended voice-selective network and social communication abilities in children with ASD.\
(**A**) The brain network used in connectivity analyses, which includes voice-selective, reward, salience, affective, and face-processing regions, was defined *a priori* from intrinsic connectivity results described in a previous study of children with ASD ([@bib3]). (**B-C**) Correlation matrices show Pearson's correlations between social communication scores and connectivity for each pairwise node combination in response to (**B**) unfamiliar female voice processing and (**C**) mother's voice processing in children with ASD. Results from multivariate connectivity analysis show that using a combination of connectivity features from both unfamiliar female and mother's voice processing can accurately predict social communication scores in children with ASD.](elife-39906-fig5){#fig5}

Discussion {#s3}
==========

It is unknown why children with ASD often 'tune out' from the voices of social partners in their environment ([@bib33]), including personal relations such as family members and caregivers ([@bib35]). Here, we identify a striking relationship between individuals' social communication abilities and the strength of activation in reward and salience processing brain regions, notably NAc and AI, during human voice processing in children with ASD. Multivariate connectivity patterns within an extended voice processing network distinguished children with ASD from their TD peers and predicted social communication abilities in children with ASD. These findings suggest that dysfunction of the brain's reward system provides a stable brain signature of ASD that contributes to aberrant processing of salient vocal information ([@bib3]).

Regional and network features associated with voice processing predict individual differences in social function in children with ASD {#s3-1}
-------------------------------------------------------------------------------------------------------------------------------------

Individuals with ASD present with a complex behavioral profile, which includes an array of sensory ([@bib47]), cognitive ([@bib52]), and affective processing differences ([@bib29]) compared to TD individuals. Consensus on the specific factors that most contribute to pronounced social communication difficulties in this population has remained elusive. Our findings showed that both regional and network features associated with voice processing, encompassing voice-selective cortex in the STS and extended voice-processing network that includes auditory, reward, and salience regions, predicted social function in children with ASD. The diversity of this network reflects the complexities of social communication itself, which involves the ability to integrate sensory, affective, mnemonic, and reward information. Importantly, our results unify several important characteristics of ASD in the extant literature, including regional functional aberrancies within specific brain systems and their association with social abilities ([@bib27]; [@bib34]; [@bib64]; [@bib59]; [@bib43]), network level dysfunction ([@bib22]; [@bib71]; [@bib72]; [@bib3]), and heterogeneity of social communication abilities ([@bib46]; [@bib44]). We suggest that social communication function -- human's ability to interact with and relate to others -- is a unifying factor for explaining regional activation profiles and large-scale connectivity patterns linking key elements of the social brain.

A voice-related brain network approach for understanding social information processing in autism {#s3-2}
------------------------------------------------------------------------------------------------

Brain network analyses represent an important approach for understanding brain function in autism ([@bib22]; [@bib71]; [@bib72]; [@bib3]), and psychopathology more broadly ([@bib50]). These methods, which are typically applied to resting-state brain imaging data, have yielded considerable knowledge regarding network connectivity patterns in ASD and their links to behavior ([@bib3]). A central assumption of this approach is that aberrant task-evoked circuit function is associated with clinical symptoms and behavior; however, empirical studies examining these associations have been lacking from the ASD literature. Our study addresses this gap by probing task-evoked function within a network defined *a priori* from a previous study of intrinsic connectivity of voice-selective networks in an independent group of children with ASD. We show that voice-related network function during the processing of a clinically and biologically meaningful social stimulus predicts both ASD group membership as well as social communication abilities in these children. Our findings bridge a critical gap between the integrity of the intrinsic architecture of the voice-processing network in children with ASD and network signatures of aberrant social information processing in these individuals.

Biologically-salient vocal stimuli for investigating the social brain in autism spectrum disorders {#s3-3}
--------------------------------------------------------------------------------------------------

Our results demonstrate that brief samples of a biologically salient voice, mother's voice, elicit a distinct neural signature in children with ASD. Our findings have important implications for the development of social skills in children with ASD. Specifically, typically developing children prefer biologically salient voices such as a mother's voice which provide critical cues for social ([@bib6]) and language learning ([@bib42]). In contrast, both anecdotal ([@bib33]) and experimental accounts ([@bib35]) indicate that children with ASD do not show a preference for these sounds. We suggest that aberrant function within the extended voice processing network may underlie insensitivity to biologically salient voices in children with ASD, which may subsequently affect key developmental processes associated with social and pragmatic language learning.

The social motivation theory and reward circuitry in children with ASD {#s3-4}
----------------------------------------------------------------------

The social motivation theory of ASD provides an important framework for considering pervasive social deficits in affected individuals ([@bib17]; [@bib11]). The theory posits that social skills emerge in young children from an initial attraction to social cues in their environment. For example, TD infants are highly attentive to speech despite having no understanding of words' meanings, and this early attraction to vocal cues may be a critical step in a developmental process that includes speech sound discrimination, mimicry, and, ultimately, language learning and verbal communication ([@bib39]). In contrast, children with ASD often do not engage with the speech in their environment ([@bib33]), and a central hypothesis of the social motivation theory is that weak reward attribution to vocal sounds during early childhood disrupts important developmental processes supporting social communication.

Our findings provide support for the social motivation theory by showing a link between social communication abilities in children with ASD and the strength of activity in reward and salience detection systems in response to unfamiliar and mother's voice. Specifically, children with ASD who have the most severe social communication deficits have the weakest responses in reward and salience detection brain regions to both of these vocal sources. Moreover, network connectivity of an extended voice-selective network, which includes nodes of the salience and reward networks, distinguished ASD and TD children and predicted social communication abilities in children with ASD. These results are the first to show that aberrant function of reward circuitry during voice processing is a distinguishing feature of childhood autism, and may limit the ability of children with ASD to experience vocal sounds as rewarding or salient. Our findings add to a growing literature suggesting that functional connectivity between voice-selective STS and reward and salience processing regions is an important predictor of social skill development in children ([@bib5]; [@bib3]).

Our results highlighting the role of reward and salience in the context of voice processing have implications for clinical treatment of social communication deficits in children with ASD. An important direction for treatment of children with ASD involves the use of teaching strategies ([@bib19]; [@bib37]) that focus on motivating children to engage in verbal interactions to improve social communication skills ([@bib36]; [@bib53]). Findings suggest that clinical efforts to increase the reward value of vocal interactions in children with ASD may be key to remediating social communication deficits in these individuals. Furthermore, neural activity and connectivity measures may represent a quantitative metric for assessing response to clinical treatments focused on verbal interactions.

Limitations {#s3-5}
-----------

There are limitations to the current work that warrant consideration. First, the sample size is relatively modest compared to recent task-based brain imaging studies of neurotypical adult populations and resting-state fMRI or structural MRI studies in individuals with ASD, however these types of studies do not face the same data collection challenges as task-based studies in clinical pediatric populations ([@bib80]). Importantly, resting-state and structural imaging studies are unable to address specific questions related to social information processing in ASD, such as biologically salient voice processing, which are critical for understanding the brain bases of social dysfunction in affected children. Indeed, our sample size is larger than, or comparable to, the majority of task-fMRI studies in children with ASD published since 2017, and have more stringent individual-level sampling compared to these studies. This is an important consideration given that the replicability of task fMRI data is not solely contingent on a large sample size but also depends on the amount of individual-level sampling. A recent report examining this question showed that modest sample sizes, comparable to those described in our submitted manuscript, yield highly replicable results with only four runs of task data with a similar number of trials per run as our study ([@bib55]). In comparison, we required that each child participant had at least seven functional imaging runs of our event-related fMRI task that met our strict head movement criteria. A final limitation of this work is that, consistent with the vast majority of brain imaging studies in children with ASD, we were unable to include lower functioning children with ASD since the scanner environment is ill-suited for these children ([@bib80]). Further studies with larger samples are needed both to capture the full range of heterogeneity of ASD and to ensure the broader generalizability of the findings reported here.

Conclusion {#s3-6}
----------

We identified neural features underlying voice processing impairments in children with ASD, which are thought to contribute to pervasive social communication difficulties in affected individuals. Results show that activity profiles and network connectivity patterns within voice-selective and reward regions, measured during unfamiliar and mother's voice processing, distinguish children with ASD from TD peers and predict their social communication abilities. These findings are consistent with the social motivation theory of ASD by linking human voice processing to dysfunction in the brain's reward centers, and have implications for the treatment of social communication deficits in children with ASD. For example, parent training has emerged as a powerful and cost-effective approach for increasing treatment intensity ([@bib54]): treatment delivery in the child's natural environment promotes functional communication ([@bib21]), generalization ([@bib68]), and maintenance of skills over time ([@bib66]; [@bib51]). Findings from the current study, which demonstrate a link between social communication function and neural processing of mother's voice, support the importance of parent training by suggesting that a child's ability to focus on, and direct neural resources to, these critical communication partners may be a key to improving social function in affected children.

Materials and methods {#s4}
=====================

Participants {#s4-1}
------------

The Stanford University Institutional Review Board approved the study protocol. Parental consent and the child's assent were obtained for all evaluation procedures, and children were paid for their participation in the study.

A total of 57 children were recruited from around the San Francisco Bay Area for this study. All children were required to be right-handed and have a full-scale IQ \> 80, as measured by the Wechsler Abbreviated Scale of Intelligence (WASI) ([@bib77]). 28 children met ASD criteria based on an algorithm ([@bib60]) that combines information from both the module 3 of the ADOS-2 (47) and the ADI--Revised ([@bib44]). Specifically, these children showed mild to more severe social communication deficits, particularly in the areas of social-emotional reciprocity and verbal and non-verbal communication, and repetitive and restricted behaviors and interests ([@bib7]). Five children with ASD were excluded because of excessive movement in the fMRI scanner, one child was excluded because of a metal retainer interfering with their brain images, and one child was excluded because their biological mother was not available to do a voice recording. Importantly, children in the ASD sample are considered 'high-functioning' and had fluent language skills and above-average reading skills ([Table 1](#table1){ref-type="table"}). Nevertheless, these children are generally characterized as having communication impairments, especially in the area of reciprocal conversation.

10.7554/eLife.39906.007

###### Demographic and IQ measures

  -----------------------------------------------------------------------------------
                                 ***A****SD (n = 21)*   *TD (n = 21)*     *p-value*
  ------------------------------ ---------------------- ----------------- -----------
  Gender ratio                   18 M: 3 F              17 M: 4 F         0.69†

  Age (years)                    10.75 ± 1.48           10.32 ± 1.42      0.34

  Full-scale IQ\*                113.75 ± 15.04         117.45 ± 10.83    0.38

  VIQ\*                          112.25 ± 16.13         118.55 ± 12.13    0.17

  PIQ\                           111.52 ± 14.30\        113.14 ± 13.46\   0.71\
  ADOS social\                   9.52 ± 2.54\           -\                -\
  ADI-A social\                  6.81 ± 4.52\           -\                -\
  ADI-B communication\           7.43 ± 5.01\           -\                -\
  ADI- C repetitive behaviors\   4.10 ± 2.66\           -\                -\
  Word reading\                  112.24 ± 11.34\        114.38 ± 8.96\    0.50\
  Reading comprehension          108.29 ± 11.81         115.38 ± 9.09     0.35

  Max. Motion (mm)               1.99 ± 0.93            1.73 ± 0.93       0.36

  Mother\'s voice ID accuracy    0.88 ± 0.21            0.98 ± 0.04       0.04
  -----------------------------------------------------------------------------------

Demographic and mean IQ scores are shown for the sample.

M, Male; F, Female; WASI, Wechsler Abbreviated Scale of Intelligence.

^†^Chi-squared test.

^\*^Score missing for one participant in TD and ASD groups.

TD children and had no history of neurological, psychiatric, or learning disorders, personal and family history (first degree) of developmental cognitive disorders and heritable neuropsychiatric disorders, evidence of significant difficulty during pregnancy, labor, delivery, or immediate neonatal period, or abnormal developmental milestones as determined by neurologic history and examination. Three TD children were excluded because of excessive movement in the fMRI scanner, one was excluded because of scores in the 'severe' range on standardized measures of social function, and four female TD children were excluded to provide a similar ratio of males to females relative to the ASD participants. The final TD and ASD groups that were included in the analysis consisted of 21 children in each group who were matched for full-scale IQ, age, sex, and head motion during the fMRI scan ([Table 1](#table1){ref-type="table"}). All participants are the biological offspring of the mothers whose voices were used in this study (i.e. none of our participants were adopted, and therefore none of the mother's voices are from an adoptive mother), and all participants were raised in homes that included their mothers. Participants' neuropsychological characteristics are provided in [Table 1](#table1){ref-type="table"}.

Data acquisition parameters {#s4-2}
---------------------------

All fMRI data were acquired at the Richard M. Lucas Center for Imaging at Stanford University. Functional images were acquired on a 3 T Signa scanner (General Electric) using a custom-built head coil. Participants were instructed to stay as still as possible during scanning, and head movement was further minimized by placing memory-foam pillows around the participant's head. A total of 29 axial slices (4.0 mm thickness, 0.5 mm skip) parallel to the anterior/posterior commissure line and covering the whole brain were imaged by using a T2\*-weighted gradient-echo spiral in-out pulse sequence ([@bib28]) with the following parameters: repetition time = 3576 ms; echo time = 30 ms; flip angle = 80°; one interleave. The 3576 msec TR can be calculated as the sum of: (1) the stimulus duration of 956 msec; (2) a 300 ms silent interval buffering the beginning and end of each stimulus presentation (600 ms total of silent buffers) to avoid backward and forward masking effects; (3) the 2000 ms volume acquisition time; and (4) an additional 20 ms silent interval, which helped the stimulus computer maintain precise and accurate timing during stimulus presentation. The field of view was 20 cm, and the matrix size was 64 × 64, providing an in- plane spatial resolution of 3.125 mm. Reduction of blurring and signal loss arising from field inhomogeneities was accomplished by the use of an automated high-order shimming method before data acquisition.

fMRI Task {#s4-3}
---------

Auditory stimuli were presented in 10 separate runs, each lasting 4 min. One run consisted of 56 trials of mother's voice, unfamiliar female voices, environmental sounds and catch trials, which were pseudo-randomly ordered within each run. Stimulus presentation order was the same for each subject. Each stimulus lasted 956 msec in duration. Prior to each run, child participants were instructed to play the 'kitty cat game' during the fMRI scan. While laying down in the scanner, children were first shown a brief video of a cat and were told that the goal of the cat game was to listen to a variety of sounds, including 'voices that may be familiar,' and to push a button on a button box only when they heard kitty cat meows (catch trials). The function of the 'catch trials' was to keep the children alert and engaged during stimulus presentation. During each run, four or five exemplars of each stimulus type (i.e. nonsense words samples of mother's and unfamiliar female voices, environmental sounds), as well as three catch trials, were presented. At the end of each run, the children were shown another engaging video of a cat. Although the button box failed to register responses during data collection in four children with ASD and nine TD children, data analysis of the catch trails for 17 children with ASD and 12 TD children showed similar catch trial accuracies between TD (accuracy = 91%) and ASD groups (accuracy = 89%; two-sample *t*-test results: *t*(2) = 0.35, p = 0.73). Across the ten runs, a total of 48 exemplars of each stimulus condition were presented to each subject (i.e. 144 total exemplars produced by each of the three vocal sources, including the child's mother, unfamiliar female voice \#1, and unfamiliar female voice \#2). Vocal stimuli were presented to participants in the scanner using Eprime V1.0 (Psychological Software Tools, 2002). Participants wore custom-built headphones designed to reduce the background scanner noise to ∼70 dBA ([@bib2]; [@bib4]). Headphone sound levels were calibrated prior to each data collection session, and all stimuli were presented at a sound level of 75 dBA. Participants were scanned using an event-related design. Auditory stimuli were presented during silent intervals between volume acquisitions to eliminate the effects of scanner noise on auditory discrimination. One stimulus was presented every 3576 ms, and the silent period duration was not jittered. The total silent period between stimulus presentations was 2620 ms, and consisted of a 300 ms silent period, 2000 ms for a volume acquisition, another 300 ms of silence, and a 20 ms silent interval that helped the stimulus computer maintain precise and accurate timing during stimulus presentation.

Functional MRI preprocessing {#s4-4}
----------------------------

fMRI data collected in each of the 10 functional runs were subject to the following preprocessing procedures. The first five volumes were not analyzed to allow for signal equilibration. A linear shim correction was applied separately for each slice during reconstruction by using a magnetic field map acquired automatically by the pulse sequence at the beginning of the scan. Translational movement in millimeters (x, y, z) was calculated based on the SPM8 parameters for motion correction of the functional images in each subject. To correct for deviant volumes resulting from spikes in movement, we used a de-spiking procedure. Volumes with movement exceeding 0.5 voxels (1.562 mm) or spikes in global signal exceeding 5% were interpolated using adjacent scans. The majority of volumes repaired occurred in isolation. After the interpolation procedure, images were spatially normalized to standard Montreal Neurological Institute (MNI) space, resampled to 2 mm isotropic voxels, and smoothed with a 6 mm full-width at half maximum Gaussian kernel.

Movement criteria for inclusion in fMRI analysis {#s4-5}
------------------------------------------------

For inclusion in the fMRI analysis, we required that each functional run had a maximum scan-to-scan movement of \< 6 mm and no more than 15% of volumes were corrected in the de-spiking procedure. Moreover, we required that all individual subject data included in the analysis consisted of at least seven functional runs that met our criteria for scan-to-scan movement and percentage of volumes corrected; subjects who had fewer than seven functional runs that met our movement criteria were not included in the data analysis. All 42 participants included in the analysis had at least seven functional runs that met our movement criteria, and the total number of runs included for TD and ASD groups were similar (TD = 192 runs; ASD = 188 runs).

Voxel-wise analysis of fMRI activation {#s4-6}
--------------------------------------

The goal of this analysis was to identify brain regions that showed differential activity levels in response to mother's voice, unfamiliar voices, and environmental sounds. Brain activation related to each vocal task condition was first modeled at the individual subject level using boxcar functions with a canonical hemodynamic response function and a temporal derivative to account for voxel-wise latency differences in hemodynamic response. Environmental sounds were not modeled to avoid collinearity, and this stimulus served as the baseline condition. Low-frequency drifts at each voxel were removed using a high-pass filter (0.5 cycles/min) and serial correlations were accounted for by modeling the fMRI time series as a first-degree autoregressive process ([@bib26]). We performed whole-brain ANOVAs to separately investigate unfamiliar and mother's voice processing: (1) the unfamiliar voice analysis used the factors group (TD and ASD) and auditory condition (unfamiliar voices and environmental sounds) and (2) the mother's voice analysis used the factors group (TD and ASD) and voice condition (mother\'s voice and unfamiliar voices). These ANOVAs were designed to test specific hypotheses described in the Introduction. Group-level activation was determined using individual subject contrast images and a second-level analysis of variance. The main contrasts of interest were \[mother's voice -- unfamiliar female voices\] and \[unfamiliar female voices -- environmental sounds\]. Significant clusters of activation were determined using a voxel-wise statistical height threshold of p \< 0.005, with family-wise error corrections for multiple spatial comparisons (p \< 0.05; 67 voxels) determined using Monte Carlo simulations ([@bib25]; [@bib75]) using a custom Matlab script (see Source Code). To examine GLM results in the inferior colliculus and NAc, small subcortical brain structures, we used a small volume correction at p\<0.05 with a voxel-wise statistical height threshold of p \< 0.005. To determine the robustness of our findings, group comparisons were also performed using more stringent height and extent thresholds ([Appendix 1---tables 4](#app1table4){ref-type="table"}--[5](#app1table5){ref-type="table"}). To provide estimates of effect sizes within specific regions displayed in [Figure 2](#fig2){ref-type="fig"}, *t*-scores from the whole-brain TD vs. ASD group GLM analysis were averaged within each significant cluster. Effect sizes were then computed as Cohen's *d* according to [Equation 1](#equ1){ref-type="disp-formula"} below, where *t* is the mean *t*-score within a cluster and *N* is the sample size:$$Cohen^{\prime}s\ d = \frac{t}{sqrt\left( \frac{N}{2} \right)}$$

To define specific cortical regions, we used the Harvard--Oxford probabilistic structural atlas ([@bib67]) with a probability threshold of 25%.

Brain-behavior analysis {#s4-7}
-----------------------

Regression analysis was used to examine the relationship between brain responses to unfamiliar and mother's voice and social communication abilities in children with ASD. Social communication function was assessed using the Social Affect subscore of the ADOS-2 (47). Brain-behavior relationships were examined using analysis of activation levels. A whole-brain, voxel-wise regression analysis was performed in which the relation between fMRI activity and social communication scores was examined using images contrasting \[unfamiliar female voices \> environmental sounds\] and \[mother's vs. unfamiliar female voices\]. Significant clusters were determined using a voxel-wise statistical height threshold of p \< 0.005, with family-wise error corrections for multiple spatial comparisons (p \< 0.05; 67 voxels) determined using Monte Carlo simulations ([@bib25]; [@bib75]). To determine the robustness of our findings, brain-behavior relations were also examined using more stringent height and extent thresholds ([Appendix 1---tables 6](#app1table6){ref-type="table"}--[7](#app1table7){ref-type="table"}). To provide estimates of effect sizes within regions displayed in [Figure 3](#fig3){ref-type="fig"}, *t*-scores from the whole-brain ASD Social Communication covariate analysis were averaged within each cluster identified in the GLM analysis. Effect sizes were then computed as Cohen's *f* according to [Equation 2](#equ2){ref-type="disp-formula"} below, where *t* is the mean *t*-score within a cluster and *N* is the sample size:$$Cohen\ f = \frac{t}{sqrt(N)}$$

Brain activity levels and prediction of social function {#s4-8}
-------------------------------------------------------

To examine the robustness and reliability of brain activity levels for predicting social communication scores, we used support vector regression (SVR) to perform a confirmatory cross-validation analysis that employs a machine-learning approach with balanced fourfold cross-validation (CV) combined with linear regression ([@bib14]). In this analysis, we extracted individual subject activation beta values taken from the \[unfamiliar female voices \> environmental sounds\] and \[mother's voice \> unfamiliar female voices\] GLM contrasts. For the \[unfamiliar female voices \> environmental sounds\] GLM contrast, GLM betas were extracted from right-hemisphere PP and AI as well as left-hemisphere NAc. For the \[mother's voice \> unfamiliar female voices\] GLM contrast, GLM betas were extracted from left-hemisphere HG, PP, and AI as well as right-hemisphere mSTS, vmPFC, rACC, and SMA. These values were entered as independent variables in a linear regression analysis with ADOS-2 Social Affect subscores as the dependent variable. r ~(predicted,\ observed)~, a measure of how well the independent variable predicts the dependent variable, was first estimated using a balanced fourfold CV procedure. Data were divided into four folds so that the distributions of dependent and independent variables were balanced across folds. Data were randomly assigned to four folds and the independent and dependent variables tested in one-way ANOVAs, repeating as necessary until both ANOVAs were insignificant in order to guarantee balance across the folds. A linear regression model was built using three folds leaving out the fourth, and this model was then used to predict the data in the left-out fold. This procedure was repeated four times to compute a final r~(predicted,\ observed)~ representing the correlation between the data predicted by the regression model and the observed data. Finally, the statistical significance of the model was assessed using a nonparametric testing approach. The empirical null distribution of r ~(predicted,\ observed)~ was estimated by generating 1000 surrogate datasets under the null hypothesis that there was no association between changes in ADOS social communication subscore and brain activity levels.

Functional connectivity analysis {#s4-9}
--------------------------------

We examined functional connectivity between ROIs using the generalized psychophysiological interaction (gPPI) model ([@bib49]), with the goal of identifying connectivity between ROIs in response to each task condition as well differences between task conditions (mother's voice, other voice, environmental sounds). We used the SPM gPPI toolbox for this analysis. gPPI is more sensitive than standard PPI to task context-dependent differences in connectivity ([@bib49]). Unlike dynamical causal modeling (DCM), gPPI does not use a temporal precedence model (x(t + 1)\~x(t)) and therefore makes no claims of causality. The gPPI model is summarized in [Equation 3](#equ3){ref-type="disp-formula"} below:$$ROI_{target} \sim \ conv\left( {deconv\left( {ROI_{seed}} \right) \ast task_{wave\, form}} \right) + \ ROI_{seed} + constant$$

Briefly, in each participant, the regional timeseries from a seed ROI was deconvolved to uncover quasi-neuronal activity and then multiplied with the task design waveform for each task condition to form condition-specific gPPI interaction terms. These interaction terms are then convolved with the hemodynamic response function (HRF) to form gPPI regressors for each task condition. The final step is a standard general linear model predicting target ROI response after regressing out any direct effects of the activity in the seed ROI. In the equation above, $ROI_{target}$ and $ROI_{seed}$ are the time series in the two brain regions, and $task_{wave\, form}$ contains three columns corresponding to each task condition. The goal of this analysis was to examine connectivity patterns within an extended voice-selective network identified in a previous study of children with ASD ([@bib3]). This study showed weak intrinsic connectivity between bilateral voice-selective STS and regions implicated in reward, salience, memory, and affective processing. The rationale for the use of an *a priori* network is it is an established method of network identification that preempts task and sample-related biases in region-of-interest (ROI) selection. This approach therefore allows for a more generalizable set of results compared to a network defined based on nodes identified using the current sample of children and task conditions. The network used in all connectivity analyses consisted of 16 regions. All cortical ROIs were constructed as 5 mm spheres centered on the coordinates listed in [Appendix 1---table 3](#app1table3){ref-type="table"}, while subcortical ROIs were constructed as 2 mm spheres.

Functional connectivity, group classification, and prediction of social function {#s4-10}
--------------------------------------------------------------------------------

Support vector classification (SVC) and regression (SVR) were used to examine whether patterns of connectivity within the extended voice processing network could predict TD vs. ASD group membership and social communication abilities in children with ASD, respectively. First, to examine TD vs. ASD group membership, a linear support vector machine algorithm (C = 1) from the open-source library LIBSVM (<http://www.csie.ntu.edu.tw/~cjlin/libsvm/>) was used to build classifiers to distinguish children with ASD from TD children during unfamiliar voice processing. Individual subject connectivity matrices (16 × 16 ROIs) taken from the \[unfamiliar female voices \> environmental sounds\] gPPI contrast were used as features to train classifiers in each dataset. Classifier performance was evaluated using a four-fold cross-validation procedure. Specifically, a dataset was randomly partitioned into four folds. Three folds of data (training set) were used to train a classifier, which was then applied to the remaining fold (test set) to predict whether each sample in the test set should be classified as ASD or TD. This procedure was repeated four times with each of the four folds used exactly once as a test set. The average classification accuracy across the four folds (cross-validation accuracy) was used to evaluate the classifier's performance. To further account for variation due to random data partition, we repeated the same cross-validation procedure 100 times with different random data partitions. Finally, the mean cross-validation accuracies from 100 iterations was reported, and its statistical significance was evaluated using permutation testing (1000 times) by randomly permuting subjects' labels and repeating the same above procedures. The same SVC methods were used to examine whether connectivity features during mothers voice processing could accurately predict TD vs. ASD group membership, however in this analysis individual subject connectivity matrices (16 × 16 ROIs) taken from the \[mother's voice \> unfamiliar female voices\] gPPI contrast were used as features to train the classifier.

Finally, SVR was used to examine whether connectivity patterns during unfamiliar female and mother's voice processing could predict social communication scores in children with ASD. SVR methods are the same as those described in *Brain Activity Levels and Prediction of Social Function*; however, features in this analysis include multivariate connectivity patterns across the extended voice-selective network (16 ROIs). Given that brain activation results showed that both unfamiliar ([Figure 3A](#fig3){ref-type="fig"}) and mother's voice processing ([Figure 3B](#fig3){ref-type="fig"}) explained variance in social communication abilities, we used a combination of connectivity features from both vocal conditions for this analysis. Specifically, connectivity features from both the \[unfamiliar female voices \> environmental sounds\] and \[mother's voice \> unfamiliar female voices\] gPPI contrasts were entered as independent variables in a linear regression analysis with ADOS-2 Social Affect subscores as the dependent variable.

As a confirmatory analysis, and to examine the robustness of SVC and SVR results, we used GLMnet (<http://www-stat.stanford.edu/~tibs/glmnet-matlab>), a logistic regression classifier that includes regularization and exploits sparsity in the input matrix, on the same 16 × 16 connectivity matrices described for the SVC and SVR analyses above.

Stimulus design considerations {#s4-11}
------------------------------

Previous studies investigating the processing ([@bib20]; [@bib6]) and neural bases ([@bib32]; [@bib58]) of mother's voice processing have used a design in which one mother's voice serves as a control voice for another participant. However, due to an important practical limitation, the current study used a design in which all participants heard the same two control voices. While we make every effort to recruit children from a variety of communities in the San Francisco Bay Area, some level of recruitment occurs through contact with specific schools, and in other instances our participants refer their friends to our lab for inclusion in our studies. In these cases, it is a reasonable possibility that our participants may have known other mothers involved in the study, and therefore may be familiar with these mothers' voices, which would limit the control we were seeking in our control voices. Importantly, HIPPA guidelines are explicit that participant information is confidential, and therefore there would be no way to probe whether a child knows any of the other families involved in the study. Given this practical consideration, we concluded that it would be best to use the same two control voices, which we knew were unfamiliar to the participants, for all participants' data collection.

Stimulus recording {#s4-12}
------------------

Recordings of each mother were made individually while their child was undergoing neuropsychological testing. Mother's voice stimuli and control voices were recorded in a quiet conference room using a Shure PG27-USB condenser microphone connected to a MacBook Air laptop. The audio signal was digitized at a sampling rate of 44.1 kHz and A/D converted with 16-bit resolution. Mothers were positioned in the conference room to avoid early sound wave reflections from contaminating the recordings. To provide a natural speech context for the recording of each nonsense word, mothers were instructed to repeat three sentences, each of which contained one of the nonsense words, during the recording. The first word of each of these sentence was their child's name, which was followed by the words 'that is a,' followed by one of the three nonsense words. A hypothetical example of a sentence spoken by a mother for the recording was 'Johnny, that is a keebudieshawlt.' Prior to beginning the recording, mothers were instructed on how to produce these nonsense words by repeating them to the experimenter until the mothers had reached proficiency. Importantly, mothers were instructed to say these sentences using the tone of voice they would use when speaking with their child during an engaging and enjoyable shared learning experience (e.g. if their child asked them to identify an item at a museum). The vocal recording session resulted in digitized recordings of the mothers repeating each of the three sentences approximately 30 times to ensure multiple high-quality samples of each nonsense word for each mother.

Stimulus post-processing {#s4-13}
------------------------

The goal of stimulus post-processing was to isolate the three nonsense words from the sentences that each mother spoke during the recording session and normalize them for duration and RMS amplitude for inclusion in the fMRI stimulus presentation protocol and the mother's voice identification task. First, a digital sound editor (Audacity: <http://audacity.sourceforge.net/>) was used to isolate each utterance of the three nonsense words from the sentences spoken by each mother. The three best versions of each nonsense word were then selected based on the audio and vocal quality of the utterances (i.e. eliminating versions that were mispronounced, included vocal creak, or were otherwise not ideal exemplars of the nonsense words). These nine nonsense words were then normalized for duration to 956 ms, the mean duration of the nonsense words produced by the unfamiliar female voices, using Praat software similar to previous studies ([@bib5]; [@bib1]). A 10 msec linear fade (ramp and damp) was then performed on each stimulus to prevent click-like sounds at the beginning and end of the stimuli, and then stimuli were equated for RMS amplitude. These final stimuli were then evaluated for audibility and clarity to ensure that post-processing manipulations had not introduced any artifacts into the samples. The same process was performed on the control voices and environmental sounds to ensure that all stimuli presented in the fMRI experiment were the same duration and RMS amplitude.

Post-scan mother's voice identification task {#s4-14}
--------------------------------------------

All participants who participated in the fMRI experiment completed an auditory behavioral test following the fMRI scan. The goal of the Mother's Voice Identification Task was to determine if the participants could reliably discriminate their mother's voice from unfamiliar female voices. Participants were seated in a quiet room in front of a laptop computer, and headphones were placed over their ears. In each trial, participants were presented with a recording of a multisyllabic nonsense word spoken by either the participant's mother or a control mother, and the task was to indicate whether or not their mother spoke the word. The multisyllabic nonsense words used in the behavioral task were the exact same samples used in the fMRI task. Each participant was presented with 54 randomly ordered nonsense words: 18 produced by the subject's mother and the remaining 36 produced by unfamiliar female voices.

Signal level analysis {#s4-15}
---------------------

Group mean activation differences for key brain regions identified in the whole-brain univariate analysis were calculated to examine the basis for TD \> ASD group differences for both \[unfamiliar female voices \> environmental sounds\] ([Figure 2A](#fig2){ref-type="fig"}) and \[mother's voice \> unfamiliar female voices\] contrasts ([Figure 2B](#fig2){ref-type="fig"}). The reason for this analysis is that stimulus differences can result from a number of different factors. For example, both mother's voice and unfamiliar female voices could elicit reduced activity relative to baseline and significant stimulus differences could be driven by greater negative activation in response to unfamiliar female voices. Significant stimulus differences were inherent to this ROI analysis as they are based on results from the whole-brain GLM analysis ([@bib73]); however, results provide important information regarding the magnitude and sign of results in response to both stimulus conditions. Baseline for this analysis was calculated as the brain response to environmental sounds. The coordinates for the ROIs used in the signal level analysis were based on peaks in TD \> ASD group maps for the \[unfamiliar female voices \> environmental sounds\] and \[mother's voice \> unfamiliar female voices\] contrasts. Cortical ROIs were defined as 5 mm spheres, and subcortical ROIs were 2 mm spheres, centered at the peaks in the TD \> ASD group maps for the \[unfamiliar female voices \> environmental sounds\] or \[mother's voice \>unfamiliar female voices\] contrasts. Signal level was calculated by extracting the β-value from individual subjects' contrast maps for the \[unfamiliar female voices \> environmental sounds\] and \[mother's voice \>environmental sounds\] comparisons. The mean β-value within each ROI was computed for both contrasts in all subjects. The group mean β and its standard error for each ROI are plotted in [Appendix 1---figure 3](#app1fig3){ref-type="fig"}.
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Acoustical analysis of mother's voice samples {#s7}
=============================================

We performed acoustical analyses of mother's voice and unfamiliar voice samples to characterize the physical attributes of the stimuli used for fMRI data collection. The goal of these analyses was to determine if differences between vocal samples collected from mothers of children with ASD and those collected from mothers of TD controls could potentially account for group differences in fMRI activity. Human voices are differentiated according to several acoustical features, including those reflecting the anatomy of the speaker's vocal tract, such as the pitch and harmonics of speech, and learned aspects of speech production, which include speech rhythm, rate, and emphasis ([@bib10]; [@bib31]). Acoustical analysis showed that vocal samples collected from mothers of children with ASD were comparable to those collected from mothers of TD controls measured across multiple spectrotemporal acoustical features (p \> 0.10 for all acoustical measures; [Figure 1B](#fig1){ref-type="fig"}). An additional goal of the fMRI data analysis was to examine individual differences in social communication abilities in children with ASD, and therefore the next analysis focused on whether acoustical features varied as a function of social communication abilities in children with ASD; there was no relationship between acoustical measures and social communication scores (p \> 0.25 for all acoustical measures). Finally, acoustical analyses of the unfamiliar voice samples used in all fMRI sessions were qualitatively similar to vocal samples collected from the mothers of TD controls and children with ASD. Together, these results indicate that there are no systematic differences in the acoustical properties of vocal samples collected from participants' mothers that could potentially bias the fMRI analysis.

Identification of mother's voice {#s8}
================================

To examine whether children who participated in the fMRI study could identify their mother's voice accurately in the brief vocal samples used in the fMRI experiment, participants performed a mother's voice identification task. All TD children identified their mother's voice with a high degree of accuracy (mean accuracy = 97.5%; [Figure 1C](#fig1){ref-type="fig"}), indicating that brief (\< 1 s) pseudoword speech samples are sufficient for the consistent and accurate identification of mother's voice in these children. 16 of the 21 children in the ASD sample were also able to identify their mother's voice with a high degree of accuracy (mean accuracy = 98.2%), however the remaining five children with ASD performed below chance on this task. Group comparison revealed that TD children had greater mother's voice identification accuracy compared to children with ASD (*t*(40) = 2.13, p=0.039).

An important question is whether the five children with ASD who performed below chance on the mother's voice identification task might show a distinct behavioral signature that may help explain why these children were unable to identify their mother's voice in our identification task. While these children did not present with hearing impairments as noted by parents or neuropsychological assessors, who had performed extensive neuropsychological testing on these children prior to the fMRI scan and mother's voice identification task, a plausible hypothesis is that the five children who were unable to identify their mother's voice in the task would show greater social communication deficits, or lower scores on measures of cognitive and language function, and/or reduced brain activation in response to unfamiliar or mother's voice stimuli. To test this hypothesis, we performed additional analyses to examine whether there are any identifying clinical or cognitive characteristics regarding these five children with low mother\'s voice identification accuracy.

We first examined differences in social communication scores and measures of cognitive and language abilities between children with ASD with low (N = 5) vs. high (N = 16) mother's voice identification accuracy. Examining the distribution of ADOS Social scores revealed that the five children with low mother's voice identification accuracy had a wide range of scores from 7 to 16 (please note that ADOS Social Affect is scored in a range between 0--20, with a score of 0 indicating no social deficit, a score of 7 indicating a more mild social communication deficit, and a score of 16 a more severe deficit). Group results for this measure are plotted in [Appendix 1---figure 1A](#app1fig1){ref-type="fig"} (left-most violin plot) and group comparisons between low ('Low ID' in green) and high ('High ID' in blue) mother's voice identification groups using Wilcoxon rank sum tests were not significant for ADOS Social scores (p = 0.83). In a second analysis, we examined whether mother's voice identification accuracy is related to social communication scores. Results from Pearson's correlation analysis indicates that mother's voice identification accuracy is not related to ADOS Social scores (*R* = 0.13, p = 0.59).

![Social communication, cognitive, and language abilities in children with ASD with low vs. high mother's voice identification accuracy.\
(**A**) To examine whether children with ASD who were unable to identify their mother's voice in the mother's voice identification task (*N* = 5) showed a distinct behavioral profile relative to children with ASD who were able to perform this task (*N* = 16), we performed Wilcoxon rank sum tests using ADOS Social Affect scores (left-most violin plot) and standardized measures of IQ (Wechsler Abbreviated Scale of Intelligence ([@bib77])) between these groups. Group comparisons between low (green) and high (blue) mother's voice identification groups using Wilcoxon rank sum tests were not significant for social communication (p = 0.83) or IQ measures (p \> 0.25 for all three measures, uncorrected for multiple comparisons). (**B**) To examine group differences in language abilities for low vs. high mother's voice identification groups, we performed Wilcoxon rank sum tests using CTOPP Phonological Awareness and CELF Language measures. Group comparison were not significant for any of the language measures (p \> 0.05 for all four measures, not corrected for multiple comparisons), however there was a trend for reduced Core Language (p = 0.062) and Expressive Language abilities (p = 0.055) in the low (green) mother's voice identification group.](elife-39906-app1-fig1){#app1fig1}

We next examined whether there were any differences in standardized IQ scores (Wechsler Abbreviated Scale of Intelligence ([@bib77])) for children with low and high mother's voice identification accuracy, which are plotted below ([Appendix 1---figure 1A](#app1fig1){ref-type="fig"}, three right-most violin plots). Group comparisons between low and high mother's voice identification groups using Wilcoxon rank sum tests were not significant for any of the IQ measures (p \> 0.25 for all three measures, uncorrected for multiple comparisons). We then examined whether there were any differences for children with low vs. high mother's voice identification accuracy in standardized measures of language abilities, including CTOPP Phonological Awareness ([@bib74]) and CELF-4 Core Language, Receptive Language, and Expressive Language standard scores ([@bib65]) ([Appendix 1---figure 1B](#app1fig1){ref-type="fig"}). Group comparison using Wilcoxon rank sum tests were not significant for any of the language measures (p \> 0.05 for all four measures, not corrected for multiple comparisons), however there was a trend for reduced Core Language (p = 0.062) and Expressive Language abilities (p = 0.055) in the low (green) mother's voice identification group.

Together, results from clinical (i.e., social communication), cognitive, and language measures showed that there are no distinguishing features for the children with below chance mother's voice identification accuracy compared to children with above chance accuracy.

Activation to unfamiliar female voices in TD children and children with ASD {#s9}
===========================================================================

We identified brain regions that showed increased activation in response to unfamiliar female voices compared to non-vocal environmental sounds separately within TD and ASD groups. This particular comparison has been used in studies examining the cortical basis of general vocal processing in neurotypical adult ([@bib9]) and child listeners ([@bib5]). The TD child sample showed strong activation in bilateral superior temporal gyrus (STG) and sulcus (STS), amygdala, and right-hemisphere supramarginal gyrus of the inferior parietal lobule (IPL; [Appendix 1---figure 2A](#app1fig2){ref-type="fig"}). Children with ASD, however, showed a reduced activity profile in response to unfamiliar female voices, including a reduced extent of bilateral STG and STG and no difference in activity between unfamiliar female voices and environmental sounds in the amygdala ([Appendix 1---figure 2B](#app1fig2){ref-type="fig"}).

![Brain activity in response to unfamiliar female voices compared to environmental sounds in TD children and children with ASD.\
(**A**) In TD children, unfamiliar female voices elicit greater activity throughout a wide extent of voice-selective superior temporal gyrus (STG) and superior temporal sulcus (STS), bilateral amygdala, and right-hemisphere supramarginal gyrus. (**B**) Children with ASD show a reduced activity profile in STG/STS in response to unfamiliar female voices and do not show increased activity compared to environmental sounds in the amygdala.](elife-39906-app1-fig2){#app1fig2}

Activation to mother's voice in TD children {#s10}
===========================================

We identified brain regions that showed greater activation in response to mother's voice compared to unfamiliar female voices separately within the TD and ASD groups. By subtracting out brain activation associated with hearing unfamiliar female voices producing the same nonsense words (i.e., controlling for low-level acoustical features, phoneme and word-level analysis, auditory attention), we estimated brain responses unique to hearing the maternal voice. TD children showed increased activity in a wide range of brain systems, including auditory, voice-selective, reward, social, and visual functions ([Appendix 1 ---figure 3A](#app1fig3){ref-type="fig"}). Specifically, mother's voice elicited greater activation in primary auditory regions, including bilateral inferior colliculus (IC), the primary midbrain nucleus of the ascending auditory systems, and Heschl's gyrus (HG), which includes primary auditory cortex. Mother's voice also elicited greater activity in TD children in auditory association cortex in the superior temporal plane, including planum polare and planum temporale, with a slightly increased extent of activation in the right-hemisphere. Additionally, mother's voice elicited greater activity in a wide extent of bilateral voice-selective STS, extending from the posterior-most aspects of this structure (y = −52) to anterior STS bordering the temporal pole (y = 6). Preference for mother's voice was also evident in the medial temporal lobe, including left-hemisphere amygdala, a key node of the affective processing system, and bilateral posterior hippocampus, a critical structure for declarative and associative memory. Structures of the mesolimbic reward pathway also showed greater activity for mother's voice, including bilateral nucleus accumbens and ventral putamen in the ventral striatum, orbitofrontal cortex (OFC), and ventromedial prefrontal cortex (vmPFC). Mother's voice elicited greater activity in a key node of the default-mode network, instantiated in precuneus and posterior cingulate cortex, a brain system involved in processing self-referential thoughts. Preference for mother's voice was also evident in visual association cortex, including lingual and fusiform gyrus. Next, mother's voice elicited greater activity in bilateral anterior insula, a key node of the brain's salience network. Finally, preference for mother's voice was evident in frontoparietal regions, including right-hemisphere pars opercularis \[Brodmann area (BA) 44\] and pars triangularis (BA 45) of the inferior frontal gyrus, the angular and supramarginal gyri of inferior parietal lobule (IPL), and supplementary motor cortex.

![Signal levels in response to unfamiliar female voices and mother's voice in TD children and children with ASD.\
The reason for the signal level analysis is that stimulus-based differences in fMRI activity can result from a number of different factors. Significant differences were inherent to this ROI analysis as they are based on results from the whole-brain GLM analysis ([@bib73]); however, results provide important information regarding the magnitude and sign of fMRI activity. (**a**) Regions were selected for signal level analysis based on their identification in the TD \> ASD group difference map for the \[unfamiliar female voices vs. environmental sounds\] contrast ([Figure 2A](#fig2){ref-type="fig"}). ROIs are 5 mm spheres centered at the peak for these regions in the TD \> ASD group difference map for the \[unfamiliar female voices vs. environmental sounds\] contrast. (**b**) Regions were selected for signal level analysis based on their identification in the \[mother's voice vs. unfamiliar female voices\] contrast ([Figure 2B](#fig2){ref-type="fig"}). The posterior hippocampus ROI is a 2 mm sphere centered at the peak for this regions in the \[mother's voice \>unfamiliar female voices\] contrast. All other ROIs are 5 mm spheres centered at the peak for these regions in the TD \> ASD group difference map for the \[mother's voice vs. unfamiliar female voices\] contrast.](elife-39906-app1-fig3){#app1fig3}

Activation to mother's voice in children with ASD {#s11}
=================================================

Children with ASD showed a smaller collection of brain regions that were preferentially activated by mother's voice ([Appendix 1---figure 4B](#app1fig4){ref-type="fig"}). This group did not show a preference for mother's voice in primary auditory regions, including the IC, and activity in auditory cortex was confined to a small extent of left-hemisphere HG. Preference for mother's voice was also more limited in both auditory association cortex of the superior temporal plane as well as voice selective STS, particularly in the right hemisphere, where only a focal anterior STS (aSTS) cluster showed increased activity for mother's voice. Children with ASD also did not show a preference for mother's voice in medial temporal lobe structures, including both amygdala and hippocampus, as well as structures of the mesolimbic reward pathway, default mode network, and occipital regions. Children with ASD did, however, show increased activation to mother's voice in bilateral anterior insula of the salience network as well as frontoparietal regions, including left-hemisphere BA 44, bilateral supramarginal gyrus, and left-hemisphere angular gyrus.

![Brain activity in response to mother's voice compared to unfamiliar female voices in TD children and children with ASD.\
(**A**) In TD children, mother's voice elicited greater activity in auditory brain structures in the midbrain and superior temporal cortex (*top row, left*), including bilateral inferior colliculus (IC) and primary auditory cortex (medial Heschl's gyrus; mHG) and a wide extent of voice-selective superior temporal gyrus (STG; *top row, middle*) and superior temporal sulcus (STS). Mother's voice also showed greater activity in occipital cortex, including fusiform cortex (*bottom row, left*) as well as core structures of the mesolimbic reward system, including bilateral medial prefrontal cortex (mPFC) and nucleus accumbens (NAc), and the anterior insula (AI) of the salience network. (**B**) Greater activity for mother's voice was evident in a smaller collection of brain regions in children with ASD compared to TD children. Mother's voice did not elicit greater activity in auditory brain structures in the midbrain but extended slightly into primary auditory cortex (*top row, left*), and activated a more limited extent of voice-selective STG (*top row, middle*) and STS. Mother's voice did not elicit greater activity compared to unfamiliar female voices in fusiform cortex, and mesolimbic reward system. Mother's voice did elicit greater activity in AI of the salience network.](elife-39906-app1-fig4){#app1fig4}

fMRI activation and connectivity profiles in children with ASD are not related to mother's voice identification accuracy {#s12}
========================================================================================================================

Behavioral results indicated that 5 of the 21 children with ASD had below chance-level accuracy on the mother's voice identification task ([Figure 1C](#fig1){ref-type="fig"}; see Results, Identification of Mother's Voice). An important question is whether the five children with ASD who performed below chance on the mother's voice identification task might show a distinct neural signature that may help explain why these children were unable to identify their mother's voice in our behavioral task. A plausible hypothesis is that the five children who were unable to identify their mother's voice in the task would show reduced brain activation in response to unfamiliar or mother's voice stimuli. To test this hypothesis, we performed additional analyses to examine whether there are any identifying neural characteristics regarding these five children with low identification accuracy.

We first examined neural response profiles for the five children with low vs. high mother's voice identification accuracy by plotting ROI signal levels for the contrasts and regions identified in [Figure 3A](#fig3){ref-type="fig"}. First, results showed no group differences between children with low vs. high identification accuracy using Wilcoxon rank sum tests for any of the brain regions associated with the \[unfamiliar voices vs. non-social environmental sounds contrast\] ([Appendix 1---figure 5A](#app1fig5){ref-type="fig"}; p \> 0.35 for all three regions, not corrected for multiple comparisons). We then examined low vs. high identification accuracy using Wilcoxon rank sum tests for the brain regions associated with the \[mother's voice vs. unfamiliar voices contrast\] ([Figure 3B](#fig3){ref-type="fig"}) and again found no group differences ([Appendix 1---fFigure 5B](#app1fig5){ref-type="fig"}; p \> 0.45 for all seven regions, not corrected for multiple comparisons).

![Brain activation in response to unfamiliar voices and mother's voice in children with ASD with low vs. high mother's voice identification accuracy.\
(**A**) To examine whether children with ASD who were unable to identify their mother's voice in the mother's voice identification task (*N* = 5) showed a distinct neural response profile relative to children with ASD who were able to perform this task (*N* = 16), Wilcoxon rank sum tests were computed using ROI single levels (mean contrast betas) for the \[unfamiliar voices minus non-social environmental sounds\] in regions identified in [Figure 3A](#fig3){ref-type="fig"}. Results showed no group differences between children with low (green) vs. high (blue) identification accuracy for any of the brain regions associated with the \[unfamiliar voices vs. non-social environmental sounds\] contrast (p \> 0.35 for all three regions, not corrected for multiple comparisons). (**B**) Group differences in neural response profiles for low vs. high mother's voice identification groups using ROI single levels (mean contrast betas) for the \[mother's voice minus unfamiliar voices\] contrast were computed within regions identified in [Figure 3B](#fig3){ref-type="fig"}. Results showed no group differences between children with low vs. high identification accuracy for any of the brain regions associated with the \[mother's voice minus unfamiliar voices\] contrast (p \> 0.45 for all seven regions, not corrected for multiple comparisons).](elife-39906-app1-fig5){#app1fig5}

We examined whether mother's voice identification accuracy affected results from ADOS covariate analyses in children with ASD ([Figure 3](#fig3){ref-type="fig"}). Therefore, additional regression analyses were performed in which ADOS Social Affect scores were the dependent variable and predictors included mother's voice identification accuracy and betas from ROIs identified in the \[unfamiliar female voice minus environmental sounds\] contrast (i.e., [Figure 3A](#fig3){ref-type="fig"}) or \[mother's voice minus unfamiliar voices\] contrast (i.e., [Figure 3B](#fig3){ref-type="fig"}). Separate regression models were computed for each ROI in each vocal contrast. Results showed that all ROI signal levels reported in [Figure 3](#fig3){ref-type="fig"} were significant predictors of social communication scores after regressing out mother's voice identification accuracy (p ≤ 0.005 for all ROIs).

We then examined whether removing the five children with low mother's voice identification accuracy would affect group GLM and functional connectivity results. We therefore examined a sub-group comprised of the 16 children with ASD who showed above chance identification accuracy and performed whole-brain TD vs. ASD group comparisons, social communication covariate analysis within the ASD group, and functional connectivity analyses, including SVC and SVR. Results for all analyses were similar to those described previously for the entire ASD group. Specifically, whole-brain TD vs. ASD group differences and social communication covariate results were evident in similar brain regions as those described for the larger ASD group. Functional connectivity results also showed the same pattern of results described for the entire ASD group: SVC results showed that connectivity during unfamiliar voice processing could not classify individuals with ASD from TD children (SVC Accuracy = 50.9%, p = 0.41) while connectivity during mother's voice processing could classify individuals with ASD from TD children (SVC Accuracy = 66.3%, p = 0.014). Furthermore, SVR results showed that connectivity using combined features from both unfamiliar and mother's voice processing could classify individuals with ASD from TD children (*R* = 66.3%, p = 0.003). These results indicate that patterns of brain activity and connectivity in children with ASD in response to vocal stimuli were unrelated to behavioral identification of mother's voice.

Together, results from neural measures of voice processing showed that there are no distinguishing features for the children with below chance mother's voice identification accuracy compared to children with above chance accuracy.

10.7554/eLife.39906.016

###### Effect sizes for GLM results: TD vs. ASD Group Analysis.

The overall effect size measured across all brain clusters identified in the TD vs. ASD Group Analyses is 0.68.

  ------------------------------------------------------------------------------------------------------
  **Contrast**                                        **Brain region**                 **Effect size**
  --------------------------------------------------- -------------------------------- -----------------
   \[Unfamiliar Voices minus Environmental Sounds\]   Right-hemisphere\                0.70
                                                      Planum Polare (PP)               

   \[Mother's Voice minus Unfamiliar Voices\]         Right-hemisphere\                0.65
                                                      Intercalcarine                   

                                                      Right-hemisphere\                0.68
                                                      Lingual                          

                                                      Right-hemisphere\                0.66
                                                      Fusiform                         

                                                      Left-hemisphere\                 0.67
                                                      Fusiform                         

                                                      Right-hemisphere\                0.66
                                                      Hippocampus                      

                                                      Left-hemisphere\                 0.69
                                                      Superior Parietal Lobule (SPL)   

                                                      Right -hemisphere\               0.69
                                                      Precuneus                        
  ------------------------------------------------------------------------------------------------------

10.7554/eLife.39906.017

###### Effect sizes for GLM results: Social Communication Covariate Analysis.

The overall effect size measured across all brain clusters identified in the Social Communication Covariate Analysis is 0.76.

  ---------------------------------------------------------------------------------------------------------------
  **Contrast**                                       **Brain region**                           **Effect size**
  -------------------------------------------------- ------------------------------------------ -----------------
  \[Unfamiliar Voices minus Environmental Sounds\]   Right-hemisphere\                          0.84
                                                     Planum Polare (PP)                         

                                                     Left-hemisphere\                           0.69
                                                     Nucleus Accumbens (NAc)                    

                                                     Right-hemisphere\                          0.84
                                                     Anterior Insula (AI)                       

  \[Mother's Voice minus Unfamiliar Voices\]         Left-hemisphere\                           0.77
                                                     Heschl's Gyrus (HG)                        

                                                     Left-hemisphere\                           0.77
                                                     Planum Polare (PP)                         

                                                     Right-hemisphere\                          0.74
                                                     Superior Temporal Sulcus (mSTS)            

                                                     Right-hemisphere\                          0.73
                                                     Ventromedial prefrontal cortex (vmPFC)     

                                                     Left-hemisphere\                           0.77
                                                     Anterior Insula (AI)                       

                                                     Right-hemisphere\                          0.73
                                                     Rostral Antreior Cingulate Cortex (rACC)   

                                                     Right-hemisphere\                          0.76
                                                     Supplementary Motor Area (SMA)             
  ---------------------------------------------------------------------------------------------------------------

10.7554/eLife.39906.018

###### Brain regions used in functional connectivity analyses.

  Brain region                      Coordinates
  --------------------------------- ----------------
  Left-hemisphere pSTS              \[−63--42 9\]
  Right-hemisphere pSTS             \[57 -31 5\]
  Left-hemisphere vmPFC             \[−6 32--14\]
  Right-hemisphere vmPFC            \[6 54 -4\]
  Left-hemisphere Anterior Insula   \[−28 18--10\]
  Right-hemisphere VTA              \[2 -22 -20\]
  Left-hemisphere NAc               \[−12 18--8\]
  Right-hemisphere NAc              \[14 18 -8\]
  Left-hemisphere OFC               \[−36 24--14\]
  Left-hemisphere Putamen           \[−24 14--8\]
  Right-hemisphere Putamen          \[16 14 -10\]
  Left-hemisphere Caudate           \[−18 4 20\]
  Right-hemisphere Caudate          \[14 22 -6\]
  Right-hemisphere Amygdala         \[30 -4 -24\]
  Right-hemisphere Hippocampus      \[28 -6 -26\]
  Right-hemisphere Fusiform         \[36 -28 -22\]

10.7554/eLife.39906.019

###### GLM Threshold Analysis: TD vs. ASD Group Analysis \[Unfamiliar Voices minus Environmental Sounds\] fMRI Contrast.

  -------------------------------------------------------------------------------------------------------------------
  *Brain Region Activation*   *Height: p\<0.005*\   *Height: p\<0.005*\   *Height: p\<0.001*\   *Height: p\<0.001*\
                              *Extent: p\<0.05*     *Extent: p\<0.01*     *Extent: p\<0.05*     *Extent: p\<0.01*
  --------------------------- --------------------- --------------------- --------------------- ---------------------
                              *67 Voxels*           *87 Voxels*           *30 Voxels*           *41 Voxels*

  Auditory Assoc. Cx, PP      Yes                   Yes                   Yes                   Yes
  -------------------------------------------------------------------------------------------------------------------

10.7554/eLife.39906.020

###### GLM Threshold Analysis: TD vs. ASD Group Analysis \[Mother's Voice minus Unfamiliar Voices\] contrast.

  ----------------------------------------------------------------------------------------------------------------------------
  *Brain Region Activation*            *Height: p\<0.005*\   *Height: p\<0.005*\   *Height: p\<0.001*\   *Height: p\<0.001*\
                                       *Extent: p\<0.05*     *Extent: p\<0.01*     *Extent: p\<0.05*     *Extent: p\<0.01*
  ------------------------------------ --------------------- --------------------- --------------------- ---------------------
                                       *67 Voxels*           *87 Voxels*           *30 Voxels*           *41 Voxels*

   Occipital Fusiform Gyrus            Yes                   Yes                   Yes                   No

   Temporal Occipital Fusiform Gyrus   Yes                   Yes                   No                    No

   Post. Hippocampus                   Yes                   Yes                   No                    No

   Lingual Gyrus                       Yes                   Yes                   Yes                   Yes

   Superior Parietal                   Yes                   Yes                   Yes                   Yes

   Precuneus                           Yes                   Yes                   Yes                   Yes
  ----------------------------------------------------------------------------------------------------------------------------

10.7554/eLife.39906.021

###### GLM Threshold Analysis: Social Communication Covariate Analysis, \[Unfamiliar Voices minus Environmental Sounds\] fMRI Contrast.

  -------------------------------------------------------------------------------------------------------------------
  *Brain Region Activation*   *Height: p\<0.005*\   *Height: p\<0.005*\   *Height: p\<0.001*\   *Height: p\<0.001*\
                              *Extent: p\<0.05*     *Extent: p\<0.01*     *Extent: p\<0.05*     *Extent: p\<0.01*
  --------------------------- --------------------- --------------------- --------------------- ---------------------
                              *67 Voxels*           *87 Voxels*           *30 Voxels*           *41 Voxels*

   Auditory Assoc., PP        Yes                   Yes                   Yes                   Yes

   Voice Selective, STG       Yes                   Yes                   Yes                   Yes

   Mesolimbic Reward, NAc     Yes (SVC)             No                    No                    No

   Salience, AI               Yes                   Yes                   Yes                   Yes
  -------------------------------------------------------------------------------------------------------------------

10.7554/eLife.39906.022

###### GLM Threshold Analysis: Social Communication Covariate Analysis, \[Mother's Voice minus Unfamiliar Voices\] fMRI Contrast.

  -------------------------------------------------------------------------------------------------------------------
  *Brain Region Activation*   *Height: p\<0.005*\   *Height: p\<0.005*\   *Height: p\<0.001*\   *Height: p\<0.001*\
                              *Extent: p\<0.05*     *Extent: p\<0.01*     *Extent: p\<0.05*     *Extent: p\<0.01*
  --------------------------- --------------------- --------------------- --------------------- ---------------------
                              *67 Voxels*           *87 Voxels*           *30 Voxels*           *41 Voxels*

  Primary Auditory, HG        Yes                   Yes                   Yes                   Yes

  Voice-selective, STG/STS    Yes                   Yes                   No                    No

  Mesolimbic Reward, vmPFC    Yes                   Yes                   Yes                   Yes

  Salience, AI                Yes                   Yes                   Yes                   Yes

  Salience, rACC              Yes                   Yes                   No                    No

  Motor, SMA                  Yes                   Yes                   Yes                   Yes
  -------------------------------------------------------------------------------------------------------------------

10.7554/eLife.39906.028
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\[**Editorial note:** This article has been through an editorial process in which the authors decide how to respond to the issues raised during peer review. The Reviewing Editor\'s assessment is that minor issues remain unresolved.\]

Re-evaluation:

We appreciate that you have highlighted the sample size as a limitation, provided documentary support for the sample size, your deeper individual testing, and noted the need for future studies that are better able to capture the heterogeneity of ASD. Nonetheless, there is increased sensitivity to the (out-of-sample) reproducibility issues inherent in studies of this size, even given the challenges of clinical research of this note. While we support publication of the paper, this limitation has been raised in the peer review process.

Decision letter after peer review:

Thank you for submitting your article \"Impaired voice processing in reward and salience circuits predicts social communication in children with autism\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom is a member of our Board of Reviewing Editors, and the evaluation has been overseen by Michael Frank as the Senior Editor. The following individual involved in review of your submission has agreed to reveal her identity: Coralie Chevallier (Reviewer \#1).

The Reviewing Editor has highlighted the concerns that require revision and/or responses, and we have included the separate reviews below for your consideration. If you have any questions, please do not hesitate to contact us.

This is a very interesting and nicely presented study of cortical responses to mothers\' versus strangers\' voices on people with Autistic Spectrum Disorders. All reviewers felt the study was well designed in its stimuli and, in principle, impressed by the range of uni- and multivariate analyses undertaken.

However, all three reviewers raise substantial concerns regarding the small sample size: these reflect the ability of the study to provide adequate cover of the heterogeneity of ASD, the possibility that some effects may be inflated (particularly the regressions), the under-estimate of variance in the cross-validation tests and, most importantly, the likely challenges of reproducing the principle findings (in the absence of an independent test data set). The regression effect sizes are very strong, and there is possibly some colinearity between the test to identify the ROIs (the group contrast) and the subsequent regression (ASD severity), given that ASD typically presents as an extreme on the healthy development/social spectrum.

Each analysis, on its own, may be valid, but the general feeling is that the authors are doing too much with this limited data set. In the absence of acquiring further data, there seems to be little additional work that the authors can do to address this fundamental concern.

Given this is part of the *eLife* \"trial\", there does not seem to be a deep enough concern for the paper to be withdrawn from further consideration. However, if published, the important concerns of the reviewers will need to be published alongside the paper, pending the nature of the authors\' responses.

Other concerns are less fundamental and are listed below.

Separate reviews (please respond to each point):

*Reviewer \#1:*

Overall, I very much enjoyed reading the paper: clearly written, timely, and novel. The use of recordings that are specific to each participant is an important contribution. I am not a neuroscientist so I am not qualified to evaluate the quality of the neuroimaging work. I will therefore focus my remarks on the Introduction, clinical / behavioural aspects of the Materials and methods, and Discussion. (and please pardon my naivety when I do comment on the neuroimaging part of the work).

1\) Behavioural tasks can provide mechanistic insights

I think the authors should tone down their claim about the limitations of behavioural studies to understand and tease apart different cognitive mechanisms. Many behavioural studies use ingenious paradigms to tease apart various mechanistic possibilities. Recently, the use of computational modeling methods applied to behavioural data has also been very fruitful in this respect (different model parameter reflect different mechanisms)

On the same topic, in the Introduction "...and obtaining valid behavioral measurements regarding individuals' implicit judgments of subjective reward value of these stimuli can be problematic": I was surprised by the strong statement. Antonia Hamilton has published many papers demonstrating the validity of behavioural tools to measure social reward responsiveness. I have also published several papers on that same topic (including one using signal detection theory, in PLOS One). In these papers, no abstract judgment is required. Rather, participants\' behaviours are thought to reflect underlying social motivation or social reward responsiveness.

2\) Why is the accuracy for mother\'s voice identification different in the ASD vs. TD group?

I would like to know a bit more the difference in accuracy detection between the groups: why did the ASD group perform below the TD group? The authors point out that 5 children performed below chance in identifying their own mother\'s voice. Is there evidence that this indicates a true deficit or is poor performance linked to other factors (poor hearing? deteriorated listening skills in the scanner?). Where are these five children on the regression? Do they drive the effect?

If some children did not recognize their mother\'s voice, it seems to be that they should be looked at differently: if the reward / memory / visual network is less activated in these children, is it because they do not find voices as rewarding / memorable or is it because they didn\'t recognize this familiar voice (but if they had, their brain would have reacted in the same way)?

Another naive question on the same question. The authors report that \"fMRI activation profiles in children with ASD were not related to mother\'s voice identification accuracy\". So I was left wondering what these activations reflect (if they are not sensitive to the fact that 5 out of 21 children did not identify their mother, does it mean that these activations are picking up on something that is much more domain general than anything that might have to do with \"mother\'s voice\" specifically?) Is there a way to statistically correct all analyses for accuracy levels?

The authors should report whether identification accuracy is related to ADOS SC scores.

3\) ADOS score use

ADOS scores are not meant to be used as a continuous severity scores unless they are transformed (Gotham, K., Pickles, A., & Lord, C. (2009). Standardizing ADOS scores for a measure of severity in autism spectrum disorders. Journal of autism and developmental disorders, 39(5), 693-705.). I do not know how this logic applies to using the social affect score only but it should be checked / discussed.

4\) Are there a priori criteria for exclusion based on motion?

Materials and methods subsections "Participants" and "Movement criteria for inclusion in fMRI analysis": Is there an a priori threshold to exclude participants based on motion? Or published guidelines? Can the authors specify the exclusion decision criteria? Is there a group difference in average motion?

5\) Sample size concerns

In a behavioural study, a sample size of 21 is now considered too small. I realise that the change in standard is recent (and I have published many papers using small sample sizes myself). However, I do think that we need to accelerate change, especially for conditions that are notoriously heterogenous, such as ASD. And especially when one is interested in explaining interindividual differences (by using correlations).

Reviewers who specialise in neuroimaging methods may want to comment on this specific point but the paper would definitely be stronger is the sample size exceeded (or at least matched) the current average in cognitive neuroscience field (ie 30, see Poldrack et al., 2015, Figure 1). Alternatively, the authors should report observed power. This is I think most important for the regression part of the paper. If power is too low, I would recommend moving this part of the paper to the SM and rewriting the main text accordingly.

Button, K. S., Ioannidis, J. P., Mokrysz, C., Nosek, B. A., Flint, J., Robinson, E. S., & Munafò, M. R. (2013). Power failure: why small sample size undermines the reliability of neuroscience. Nature Reviews Neuroscience, 14(5), 365.

Poldrack, Russell A., et al. \"Scanning the horizon: towards transparent and reproducible neuroimaging research.\" Nature Reviews Neuroscience 18.2 (2017): 115.

To sum up, I think the paper raises an interesting question and would be even better if reproducibility concerns were addressed by increasing sample size.

*Reviewer \#2:*

Impaired voice processing in.... children with autism\" by Abrams et al.

This paper reports the uni- and multivariate analysis of fMRI acquired from children with ASD while listening to their mothers\' or strangers\' voice. The authors find quite striking correlations between social disability rating scales and both brain activity and functional connectivity.

The experimental stimuli, writing, analysis and cohort characterization are all of a very high standard. There are some limitations in the actual design that limit the nature of the inferences drawn. In a revised manuscript, these should be addressed through a subtle reframing and possibly additional discussion points.

1\) The task stimuli are very well controlled but the task is essentially a passive listening task, with a low level vigilance task designed simply to keep the participants engaged with the stimuli. Therefore, in the absence of an explicit reward, the authors should be cautious of falling foul of reverse inference (Poldrack, 2006) when framing the findings in terms of \"reward circuits\". I guess listening to a voice, particularly a mother\'s voice, is implicitly rewarding, but caution should be taken in drawing to direct an inference in regards to dysfunctional reward processes (see Discussion section). Indeed, the whole positioning of functional neuroimaging studies as being more informative than behavioural tests should be mindful of the limitations of inferring disrupted functional circuits in disorders unless you are actually probing that function with an appropriate task.

2\) Similarly, there is no manipulation of attention and therefore no means of telling whether the differences in activation during voice perception in ASD is simply a lack of due interest in, and attention to voices preceding (or consequent) to changes in reward-based learning.

3\) Again the authors draw a very direct line between mother\'s vs stranger\'s voice and social reasoning/communication (e.g. Abstract). But maternal voice is more than a simple cue but incorporates many other processes, including basic parental attachment and dyadic reciprocation.

4\) What are the core defining disturbances underlying the diagnosis of ASD in this study? The information in paragraph two of subsection "Participants" simply refers to an algorithm. While this might be sufficient for reproducibility, it is inadequate here for two reasons: First, as *eLife* is a general (not a clinical) journal, more depth and context is required for the broader readership. Second, if the diagnosis relies heavily on social deficits (which I suspect it does), is it then surprising that the strength of between group differences covaries so markedly within the ASD with social deficit scores. If so, is there an implicit circularity between the identification of these regions (Figure 2) and the very strong correlations against ADOS scores? If not, what other effects may be driving these? Such strong correlations are bound to draw attention and I think the authors should therefore pay careful attention to this issue.

5\) This is a modest sample size for the use of machine learning, particularly when using a high dimensional (functional connectivity) feature space. N-fold cross-validation does always not provide strong control here (Varoquaux, 2017): Do the authors undertake a feature reduction step, such as a LASSO? Is there some logical circularity between identifying features with a group contrast, then using these same features in a between group classifier? Also, I would avoid using the term \"prediction\" for contemporaneous variables, even when cross-validation is undertaken.

6\) I don\'t see any model-based analysis of neuronal interactions and hence don\'t think the authors are examining effective connectivity. gPPI is a purely linear model of statistical dependences and their moderation and hence falls into the class of functional connectivity. Personally, I would prefer to have seen the author use a more dynamic, model-driven method of effective connectivity, using something like DCM to provide a deeper mechanistic insight into the changes in activation and information flow (I also am not sure I buy into the choice of ROI\'s that do not show the group effects). However, given the classification success, the authors\' approach seems entirely reasonable. However, please do specify the nature of the gPPI model in the text and supplementary material (what are the nodes, inputs and modulators; is it possible to represent this graphically?).

7\) Do the manipulations to the vocal signals (subsection "Stimulus post-processing") possibly warp the sound of the speech? If so, could this influence the ASD responses (ASD being perhaps more tuned to low level features of stimulus inputs).

References:

Poldrack, R. A. (2006). Can cognitive processes be inferred from neuroimaging data? Trends in cognitive sciences, 10(2), 59-63.

Varoquaux, G. (2017). Cross-validation failure: small sample sizes lead to large error bars. Neuroimage.

Minor Comments:

1\) Introduction, second sentence: \"affected\" -\> \"ASD\"

2\) Figure 1B caption: Please add stats

3\) Discussion first paragraph: \"These findings....\"; Third paragraph: \"Our findings....\"

4\) Discussion paragraph three: ?\"predicts\"?

5\) Subsection "Participants": please add more details regarding the diagnosis; e.g. \"In essence, these ASD....\" (see point 4 above)

6\) Table 1: What are the \"typical\" values of ADOS-social and ADI-A social\"? Are these very impaired children (also see point 4 above).

7\) Materials and methods: Were there any between group differences in head motion parameters?

8\) Subsection "Effective Connectivity Analysis": I\'m not sure what \"preempts.... biases\" means here -- the authors are not modelling effects in the present data, which I think is a shame (see point 6 above)

*Reviewer \#3:*

In this study, Abrams and colleagues examined voice processing in children (average age 10 years old) with and without autism. The specifically were interested in reward and salience circuitry and relate the study back to predictions made by the social motivation theory of autism. The authors applied group-level analyses, brain-behavior correlation analyses, as well as PPI connectivity analyses and applied multivariate classifier and regression analyses applied to the connectivity data. There are several issues which the authors may want to address.

1\) Small sample size. The sample size for the study was n=21 per group. This sample size is likely not large enough to cover substantial heterogeneity that exists across the population of individuals with autism diagnosis. Thus, questions about generalizability arise. Can future studies replicate these findings? Small sample size also means lower statistical power for identifying more subtle effects, and this is especially important for the context of whole-brain between-group or brain-behavior correlation analysis which the authors have solely relied on for the activation and clinical correlation analyses (see Cremers, Wager, & Yarkoni, 2017, PLoS One). For multivariate classifiers and regressions, these too produce inflated and over-optimistic levels of predictions with smaller sample size (e.g., Woo et al., 2017, Nature Neuroscience).

2\) Given the small sample sizes, but relatively strong and justified anatomical hypotheses, why not run ROI analyses instead of whole-brain analyses? Statistical power would likely be increased for ROI analyses, and one can cite more unbiased estimates of effect size. Whole-brain analyses can show us is where the likely effects might be, and this is helpful when we don\'t have strong anatomical hypotheses. But here the authors do have strong anatomical hypotheses, yet they choose an analysis approach that is not congruent with that and penalizes them in terms of statistical power and doesn\'t allow for estimation of unbiased effect sizes. What is missing from the paper is an estimate of how big the effects are likely to be, as this is what we should ideally care about (Reddan, Lindquist, & Wager, 2017, JAMA Psychiatry). Future studies that may try to replicate this study will need to know what the effect sizes are likely to be. Meta-analyses ideally need unbiased estimates of effect size. However, all we have to go off of here are the authors figures showing whole-brain maps, that likely just tell us where some of the largest effects may likely be.

3\) Reported effect sizes in Figure 3 (e.g., Pearson\'s r) are likely inflated given small sample sizes and also due to the fact that it appears that the reported r values in the figure are likely taken from the peak voxel.

4\) Scatterplots in Figure 3 show inverted y-axes so that higher numbers on at the bottom and lower numbers are at the top. The reported correlations are negative, and yet the scatterplot shows what looks like a positive correlation. All this confusion is due to the inverted y-axes. The authors should correct the plots to avoid this confusion.

5\) The authors heavily rely on reverse inference to relate their findings back to the social motivation theory. However, if their manipulations were powerful enough to create a distinction between a stimulus that was heavily socially rewarding (e.g., mother\'s voice) versus another that is not (e.g., unfamiliar voice), then shouldn\'t there be some kind of difference in the main activation analysis in reward-related areas (i.e. Figure 2B)? In other words the main contrast of interest that might have been most relevant to the social motivation theory produces no group differences in activation in areas like the ventral striatum. Because this contrast doesn\'t really pan out the way the theory predicts, doesn\'t this cast doubt on the social motivation theory, or couldn\'t it be that some of the contrasts in this study can be better explained by some other kind of reverse inference than the social motivation theory?

6\) From what I could tell, no manipulation check was done to measure some aspect of how rewarding the stimuli were to participants. This seems critical if the authors want to make strong reverse inferences back to the social motivation theory.

7\) The authors should include a limitations section to their paper.

\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

Thank you for submitting your revised article \"Impaired voice processing in reward and salience circuits predicts social communication in children with autism\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Michael Frank as the Senior Editor. The following individual involved in review of your submission has agreed to reveal her identity: Coralie Chevallier (Reviewer \#1).

The reviewers find that, on the whole, you have responded to the technical concerns raised on the prior round.

Reviewer \#3 remains concerned that the sample size is not sufficiently large to capture the heterogeneity of ASD. The reviewer, BRE and senior editor have corresponded and agree that this is an important limitation regarding the broader generalizability of the study. In other words, even though you have adequately controlled for in-sample error, generalization beyond the study sample is limited by the size of the cohort.

We feel that a stronger statement that acknowledges this should be added to the manuscript. Given the advanced stage of the manuscript, we recognize that acquiring further subjects is highly unlikely to be feasible although we will note, in the published reviews, that this remained of concern at the conclusion of the reviewing process.

The paper will be promptly be re-assessed by the Reviewing Editor upon resubmission.

*Reviewer \#1:*

I would like to thank the authors for their extremely thorough response and for all the additional analyses they performed in response to my comments. The authors have suitably addressed all of my comments and incorporated a limitations section to mention the modest sample size. Thank you again for this detailed and careful response.

*Reviewer \#3:*

In this reviewer\'s opinion, the author\'s responses to previous comments largely dismissed many of the key issues in the comments, and the arguments brought to counter those comments were not at all convincing. The authors need to more properly consider the issues and at the very least comment on them as potential drawbacks, limitations, caveats, etc.

For example, none of the author\'s responses are adequate for addressing the main problem of small sample size. Heterogeneity across the autism population is vast and one cannot likely cover much of it with an n=21. Discussion about symptom domains as \'constraining\' heterogeneity are not relevant to this aspect of the issue. If another study comes up with similar paradigm, but also small n, how likely will that study replicate the findings of the current study? It depends. If the new study samples a different strata of the autism population, then it may not replicate. Studies with larger sample size are more generalizable because they can cover a better range of the population and are not as susceptible to sampling biases that are more pronounced with small samples.

In another example, the authors claim that within subject, the multiple runs somehow can counteract the issue of small sample size. More data within subject can have an impact on statistical power. The estimates for each subject are more precise with more data within-subject. However, generalizing between-subjects or between studies is still an issue, for the reasons stated above.

With regard to the comment about ROI analysis, an analysis with 16 regions is surely more highly powered than a whole-brain analysis with 20,000 voxels to correct for. For anatomically constrained hypotheses (which the authors have), the comment still stands that it is strange to take a whole-brain approach as if the authors had a less strong idea about the anatomical hypotheses. Whole-brain analyses are lower in statistical power and have the ability to over-inflate effect sizes, and the authors are merely capitalizing on those things with small sample size.

Minor Comments:

The scatterplots must be plotted in the correct way, and not reversed, as this will mainly confuse readers.

10.7554/eLife.39906.029

Author response

> This is a very interesting and nicely presented study of cortical responses to mothers\' versus strangers\' voices on people with Autistic Spectrum Disorders. All reviewers felt the study was well designed in its stimuli and, \*in principle\*, impressed by the range of uni- and multivariate analyses undertaken.
>
> However, all three reviewers raise substantial concerns regarding the small sample size: these reflect the ability of the study to provide adequate cover of the heterogeneity of ASD,

We thank the editors and reviewers for this comment. The ability of our sample to adequate cover heterogeneity in ASD is an important consideration for this study and all studies investigating the perceptual, cognitive, and biological bases of ASD. From one perspective, adequately addressing heterogeneity in ASD is a formidable challenge: studying and working with individuals with ASD has lead more than one researcher and clinician to state: "If you've met one person with autism, you've met one person with autism". Given this widely-held view, sufficiently addressing heterogeneity in ASD represents a significant research challenge, particularly for pediatric brain imaging research in which gathering high-quality data in a modest sample such as that reported here can take many years.

Here we have addressed this challenge with a comprehensive approach which both: (a) constrains heterogeneity in ASD to a critical diagnostic symptom domain, social communication abilities, and (b) explores heterogeneity within this symptom domain by identifying neural features that covary as a function of social communication abilities. The rationale for constraining heterogeneity in ASD to a symptom domain is that all individuals with ASD necessarily have pronounced impairments in diagnostic domains, and these domains have considerably less heterogeneity in individuals with ASD relative to other behavioral and cognitive domains. For example, in the social communication domain, which we investigate in the current study, all individuals with ASD show pronounced deficits that are categorized by impaired communication and/or reciprocal social interactions (1). In contrast, consider the case of language function and IQ in children with ASD. Language function and IQ in these individuals varies widely, from very high levels, which are commensurate with neurotypical individuals, through very low levels of language and cognitive function (1-3). We argue that constraining analyses to an ASD diagnostic domain is an important approach for keeping a focus on critical areas that are central to the core deficits in the disorder, thereby providing important insight to clinicians, researchers, parents, and educators regarding the neurobiological bases of these core deficits.

The rationale for exploring heterogeneity within the social communication symptom domain is that high-functioning children with ASD, such as those included in our sample, often show a range of social communication abilities, from mild/moderate deficits to more severe deficits. For example, the Autism Diagnostic Observation Schedule (ADOS-2) is the gold-standard diagnostic instrument for ASD (4), and social communication subscores on the ADOS range from 0 to 22, with a 0 indicating no social communication deficit, a 7 indicating a more mild deficit, and a 22 indicating the most severe deficit. The high-functioning children included in our sample had a range of social communication abilities as measured with the ADOS between 7 and 16. Children with ASD who have scored higher than 16 tend to have multiple comorbid symptoms, and low cognitive function, thus confounding neuroscientific interpretation of findings. Importantly, understanding the link between social communication symptom severity and social brain processing is a critical question for understanding the neurobiological basis of autism, and is a question that has not been explored in previous studies of human voice processing in children with ASD. The reason this is an important question is that the severity of social communication deficits can play a crucial role in autism models. For example, the social motivation theory of ASD posits that impairments in representing the reward value of human vocal sounds impedes individuals with ASD from engaging with these stimuli and contributes to social interaction difficulties (5, 6). Given the causal link proposed in this model, a key prediction of the social motivation theory is that children with more severe deficits associated with social reward will have greater social communication deficits compared to those children with less severe social reward deficits. Therefore, by examining heterogeneity within the social communication symptom domain, we are able to test an important prediction of an influential ASD model and understand the neural features that may contribute to this heterogeneity.

In our study, we have employed this approach and constrained heterogeneity in children with ASD by focusing on social communication abilities. We then examine heterogeneity within the social communication symptom domain and show that social communication abilities explain significant variance in activity and connectivity of social reward and salience brain regions during human voice processing.

> The possibility that some effects may be inflated (particularly the regressions),

We thank the reviewer for this comment. As we stated in the initial submission (see Brain Activity Levels and Prediction of Social Function subsection of the Materials and methods), the goal for performing the regression analyses was to examine the robustness and reliability of brain activity levels for predicting SC scores. The rationale for this analysis is that significant whole-brain covariate analysis can be the result of outliers in the data or other spurious effects (7). By extracting signal levels from ROIs, plotting the distributions, and performing additional regression analyses on these data, our goal was to show that the whole-brain covariate analysis was not driven by outlying data and was robust to confirmatory cross-validation regression analysis. We have made every effort to clarify this point in the revised manuscript.

> The under-estimate of variance in the cross-validation tests

We acknowledge that proper estimation of variance is critical for robust and reliable cross-validation results. An important consideration in the context of the current analyses is that the permutation test used to assess statistical significance of support vector classification (SVC) and regression (SVR) results undergoes the same cross-validation procedure as that used in the original cross-validation. Therefore, the estimate of variance in the original cross-validation analysis is comparable to the null distribution from permutation. Importantly, this analytic approach accounts for any underestimate of variance in a modest sample size.

> The likely challenges of reproducing the principle findings (in the absence of a independent test data set).

Reproducibility in neuroimaging research represents a major challenge for the study of pediatric clinical populations, such as children with ASD, whose data is considerably more difficult to acquire compared to typically-developing children (8). One consideration here is that while the sample size used in the current study (*N*=21 for both TD and ASD groups) is modest in comparison to recent task-based brain imaging studies of neurotypical adult populations and resting-state or structural studies in individuals with ASD, these types of studies do not face the same data collection challenges as task-based studies in clinical pediatric populations (8). Importantly, resting-state fMRI and structural MRI studies are unable to address specific questions related to social information processing in ASD, such as biologically-salient voice processing, which is critical for understanding the brain bases of social dysfunction in affected children. Furthermore, our sample size is larger than (9-12) or comparable to (13) other task-fMRI studies in children with ASD published since 2017.

Moreover, in task-fMRI studies published since 2017 that included \>22 children with ASD, a much smaller number of runs (e.g., 2 runs of each condition (14); 4 runs (15); 1 run (16)) was provided to each participant compared to our study (7-10 runs with all stimulus conditions). This is an important consideration given that sample size is not the only determinant for the replicability of fMRI task data. While previous studies have shown that increasing the sample size can improve the replicability of results (17), an important consideration is that the replicability of task fMRI data is not solely contingent on a large sample size but also depends on the amount of individual-level sampling. A recent report examining this question showed that modest sample sizes, comparable to those described in our submitted manuscript, yield highly replicable results with only four runs of task data with a similar number of trials per run as our study (18). Moreover, replicability from smaller sample sizes using four runs of event-related task fMRI data exceeds the replicability of much larger sample sizes (*N* \> 120) using only one run of block task fMRI data (18).

In the current study, we have used rigorous standards for inclusion that are, to the best of our knowledge, a first for autism and neurodevelopmental neuroimaging research. Specifically, we required that each child participant had *at least* 7 functional imaging runs of our event-related fMRI task that met our strict head movement criteria. This multi-run approach yields many more trials per vocal source condition (\~150) than previous studies, thereby significantly enhancing power to detect effects within each child, and has only been used previously in visual neurosciences research in adults. To our knowledge, these rigorous within-subject criteria, which have been shown to be a critical factor for producing replicable task fMRI findings (18), are a first for autism and neurodevelopmental neuroimaging research.

> The regression effect sizes are very strong, and there is possibly some colinearity between the test to identify the ROIs (the group contrast) and the subsequent regression (ASD severity), given that ASD typically presents as an extreme on the healthy development/social spectrum.

We believe that there is confusion regarding how we performed the ADOS covariate analysis within children with ASD. It seems that this confusion stems from the fact that reviewer \#2 misunderstood the analysis and thought that the ADOS covariate analysis used ROIs that were identified from the TD vs. ASD group analysis. This was not the case. Rather, the TD vs. ASD group analysis and the ADOS covariate analysis were separate whole-brain analyses. By performing separate whole-brain analyses, we have avoided concerns related to collinearity in the ADOS covariate analysis. We have made every effort to clarify this point in the revised Materials and methods and Results sections. Finally, the strong effect sizes we found are likely the result of our use of *at least* 7 functional imaging runs in each participant.

Reviewer \#1:

> Overall, I very much enjoyed reading the paper: clearly written, timely, and novel. The use of recordings that are specific to each participant is an important contribution. I am not a neuroscientist so I am not qualified to evaluate the quality of the neuroimaging work. I will therefore focus my remarks on the Introduction, clinical / behavioural aspects of the Materials and methods, and Discussion. (and please pardon my naivety when I do comment on the neuroimaging part of the work).
>
> 1\) Behavioural tasks can provide mechanistic insights
>
> I think the authors should tone down their claim about the limitations of behavioural studies to understand and tease apart different cognitive mechanisms. Many behavioural studies use ingenious paradigms to tease apart various mechanistic possibilities. Recently, the use of computational modeling methods applied to behavioural data has also been very fruitful in this respect (different model parameter reflect different mechanisms)

We thank the reviewer for raising this point. Our intention was to state that "behavioral studies are limited in their ability to provide insights into neural mechanisms underlying social information processing." We have revised this section of the Introduction accordingly.

> On the same topic, in the Introduction "...and obtaining valid behavioral measurements regarding individuals' implicit judgments of subjective reward value of these stimuli can be problematic": I was surprised by the strong statement. Antonia Hamilton has published many papers demonstrating the validity of behavioural tools to measure social reward responsiveness. I have also published several papers on that same topic (including one using signal detection theory, in PLOS One). In these papers, no abstract judgment is required. Rather, participants\' behaviours are thought to reflect underlying social motivation or social reward responsiveness.

We thank the reviewer for highlighting this important point, and we agree with the reviewer that we should highlight this important line of research. An important consideration is that the behavioral work that has been done in this area by Drs. Chevalier (19, 20), Hamilton (21, 22), and others (23) has been in the visual domain, in which researchers use eye-tracking or pupillary responses as a tool for studying implicit reward. Studying implicit reward in the context of biologically-salient voice processing presents additional challenges given that, to our knowledge, validated behavioral methods for ascertaining whether children are directing their neural resources to a specific vocal source, thereby measuring auditory social reward responsiveness, have not yet been developed. Therefore, we argue that using brain imaging methods represents a critical approach in the context of implicitly rewarding voice processing. We have clarified these important points in the revised Introduction.

> 2\) Why is the accuracy for mother\'s voice identification different in the ASD vs. TD group?
>
> I would like to know a bit more the difference in accuracy detection between the groups: why did the ASD group perform below the TD group? The authors point out that 5 children performed below chance in identifying their own mother\'s voice. Is there evidence that this indicates a true deficit or is poor performance linked to other factors (poor hearing? deteriorated listening skills in the scanner?). Where are these five children on the regression? Do they drive the effect?
>
> If some children did not recognize their mother\'s voice, it seems to be that they should be looked at differently: if the reward / memory / visual network is less activated in these children, is it because they do not find voices as rewarding / memorable or is it because they didn\'t recognize this familiar voice (but if they had, their brain would have reacted in the same way)?

Results and SI Results in the initial submission showed that differences in identification accuracy between TD and ASD groups for mother\'s voice identification were driven by 5 children with ASD who performed below chance on the "mother's voice identification" task. The reviewer highlights an important point by suggesting that these 5 children might show a distinct behavioral or neural signature that may help explain why these children were unable to identify their mother's voice in our behavioral task. While these children did not present with hearing impairments as noted by parents or neuropsychological assessors, who had performed extensive neuropsychological testing on these children prior to the fMRI scan and mother's voice identification task, a plausible hypothesis is that the 5 children who were unable to identify their mother's voice in the task would show greater social communication deficits, lower scores on measures of cognitive and language function, and/or reduced brain activation in response to unfamiliar or mother's voice stimuli. To test this hypothesis, we have performed additional analyses to examine whether there are any identifying clinical, cognitive, or neural or characteristics regarding these 5 children with low identification accuracy.

We first investigated differences in social communication, cognitive, and language abilities between children with ASD with low (*N*=5) vs. high (*N*=16) mother's voice identification accuracy. Examining the distribution of ADOS Social Communication revealed that the 5 children with low mother's voice identification accuracy had a wide range of scores from 7-16 (please note that ADOS Social Communication is scored in a range between 0-20, with a score of 0 indicating no social deficit, a score of 7 indicating a more mild social communication deficit, and a score of 16 a more severe deficit). Group results for this measure are plotted below (left-most violin plot) and group comparisons between low ("Low ID" in green) and high ("High ID" in blue) mother's voice identification groups using Wilcoxon rank sum tests were not significant for ADOS Social Communication (*P* = 0.83). We next examined whether there were any differences in standardized IQ scores (Wechsler Abbreviated Scale of Intelligence (24)) for children with low and high mother's voice identification accuracy, which are plotted below (three right-most violin plots). Group comparisons between low and high mother's voice identification groups using Wilcoxon rank sum tests were not significant for any of the IQ measures (*P* \> 0.25 for all 3 measures, not corrected for multiple comparisons).
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We next examined whether there were any differences for children with low vs. high mother's voice identification accuracy in standardized measures of language abilities, including CTOPP Phonological Awareness (25) and CELF-4 Core Language, Receptive Language, and Expressive Language standard scores (26). Group comparison using Wilcoxon rank sum tests were not significant for any of the language measures (*P* \> 0.05 for all 4 measures, not corrected for multiple comparisons), however there was a trend for reduced Core Language (*P* = 0.062) and Expressive Language abilities (*P* = 0.055) in the low (green) mother's voice identification group.
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We next examined neural response profiles for the 5 children with low vs. high mother's voice identification accuracy by plotting ROI signal levels for the contrasts and regions identified in Figure 3A of the initial submission. First, results showed no group differences between children with low vs. high identification accuracy using Wilcoxon rank sum tests for any of the brain regions associated with the unfamiliar voices vs. non-social environmental sounds contrast (plotted below; *P* \> 0.35 for all three regions, not corrected for multiple comparisons).

We next examined low vs. high identification accuracy using Wilcoxon rank sum tests for the brain regions associated with the mother's voice vs. unfamiliar voices contrast (Figure 3B) and again found no group differences (plotted below; *P* \> 0.45 for all seven regions, not corrected for multiple comparisons).

We next examined whether the 5 children with ASD with low mother's voice identification accuracy showed distinct relationships between social communication and neural activation profiles compared to children with high mother's voice identification accuracy, we replotted the Figure 3 regressions and demarcated children with low identification accuracy (plotted below with "X's"). While this only provides a qualitative description of these relationships, results show a range of neural activation profiles for unfamiliar (panel A) and mother's voice (panel B) processing in children with low mother's voice identification accuracy. Importantly, the relationship between social communication and neural activation profiles did not appear to distinguish the children with low mother's voice identification accuracy.

Finally, additional analyses, which were included in the initial submission, showed that removing the 5 children with low identification accuracy from the GLM and gPPI connectivity analyses did not change any of the reported effects (please see Appendix subsection entitled fMRI activation and connectivity profiles in children with ASD are not related to mother's voice identification accuracy).

Together, results from clinical (i.e., ADOS Social Communication), cognitive, language, and neural activity measures showed that there are no distinguishing features for the children with poor mother's voice identification accuracy. One possible explanation is that all children performed the mother\'s voice identification task immediately after the fMRI scan, which took approximately 2 to 2.5 hours to complete. The reason children performed this task after the fMRI scan rather than before it (i.e., at a neuropsychological testing visit prior to the scan) is that we did not want to expose the children to the fMRI stimuli prior to performing the fMRI task. Therefore, it seems plausible that these children may have had difficulty focusing on the mother's voice identification task due to fatigue from the fMRI scan. We have included these additional analyses and information in the revised Appendix.

> Another naive question on the same question. The authors report that \"fMRI activation profiles in children with ASD were not related to mother\'s voice identification accuracy\". So I was left wondering what these activations reflect (if they are not sensitive to the fact that 5 out of 21 children did not identify their mother, does it mean that these activations are picking up on something that is much more domain general than anything that might have to do with \"mother\'s voice\" specifically?)

This is an important question, and one that we have spent much time considering. If neural activations are "picking up on something that is much more domain general than anything that might have to do with 'mother\'s voice'," as indicated by the reviewer, we would hypothesize that a signature of domain general differences would be evident in supplementary analyses of behavioral and neural measures described in section 1.3 (above), including brain activation for \[unfamiliar voices vs. non-social environmental sounds\], which indexes general voice processing (27). However, results from supplementary analyses of social communication, cognitive, language, and neural measures of voice processing failed to provide evidence to suggest that the 5 children who could not accurately identify their mother's voice are different from the other participants other than on the mother's voice identification task. One additional domain-general possibility, which was discussed in section 1.3 (above), is that fatigue may have played a role in the 5 children who could not accurately identify their mother's voice in the post scanning session. However, we do not have additional data to further probe this possibility.

> Is there a way to statistically correct all analyses for accuracy levels?

To examine whether mother's voice identification accuracy affected results from ADOS covariate analyses in children with ASD (Figure 3), we performed additional regression analyses in which ADOS social communication values were the dependent variable and predictors included mother's voice identification accuracy and betas from ROIs identified in the \[unfamiliar female voice minus environmental sounds\] contrast (i.e., Figure 3A) or \[mother's voice minus unfamiliar voices\] contrast (i.e., Figure 3B). Separate regression models were computed for each ROI in each contrast. Results showed that all ROI signal levels reported in Figure 3 were significant predictors of ADOS social communication scores after regressing out mother's voice identification accuracy (P ≤ 0.005 for all ROIs). We have added these results to the revised Appendix subsection entitled fMRI activation and connectivity profiles in children with ASD are not related to mother's voice identification accuracy.

> The authors should report whether identification accuracy is related to ADOS SC scores.

We thank the reviewer for this suggestion and correlation analysis indicates that mother's voice identification accuracy is not related to ADOS social communication scores (*R* = 0.13, *P* = 0.59). We have included this result in the revised Appendix.

> 3\) ADOS score use
>
> ADOS scores are not meant to be used as a continuous severity scores unless they are transformed (Gotham, K., Pickles, A., & Lord, C. (2009). Standardizing ADOS scores for a measure of severity in autism spectrum disorders. Journal of autism and developmental disorders, 39(5), 693-705.). I do not know how this logic applies to using the social affect score only but it should be checked / discussed.

We thank the reviewer for this astute point. Standardization of ADOS scores (28) and subscores (29) is performed to enable comparisons across ADOS modules. Given that all of our participants were administered module 3 of the ADOS, which is stated in the Participants subsection of the Materials and methods, standardization of ADOS scores here is unnecessary.

> 4\) Are there a priori criteria for exclusion based on motion?
>
> Materials and methods subsections "Participants" and "Movement criteria for inclusion in fMRI analysis": Is there an a priori threshold to exclude participants based on motion? Or published guidelines? Can the authors specify the exclusion decision criteria? Is there a group difference in average motion?

Our study incorporated stringent a priori criteria for exclusion based on head motion during all fMRI runs, which is consistent with our previous work (30) and is described in the Materials and methods subsection entitled Movement criteria for inclusion in fMRI analysis. This sections states:

"For inclusion in the fMRI analysis, we required that each functional run had a maximum scan-to-scan movement of \< 6 mm and no more than 15% of volumes were corrected in the de-spiking procedure. Moreover, we required that all individual subject data included in the analysis consisted of at least seven functional runs that met our criteria for scan-to-scan movement and percentage of volumes corrected; subjects who had fewer than seven functional runs that met our movement criteria were not included in the data analysis. All 42 participants included in the analysis had at least 7 functional runs that met our movement criteria, and the total number of runs included for TD and ASD groups were similar (TD = 192 runs; ASD = 188 runs)."

The second to last line in Table 1: Demographic and IQ Measures shows descriptive statistics for head motion in the TD and ASD groups as well as results from a group comparison using a 2-sample t-test, which was not significant (P = 0.36). We have further clarified this point in the revisedParticipants subsection of the revised Materials and methods.

> 5\) Sample size concerns
>
> In a behavioural study, a sample size of 21 is now considered too small. I realise that the change in standard is recent (and I have published many papers using small sample sizes myself). However, I do think that we need to accelerate change, especially for conditions that are notoriously heterogenous, such as ASD. And especially when one is interested in explaining interindividual differences (by using correlations).

We thank the reviewer for this comment and their concern for the ability of our study to address heterogeneity in ASD. Here we have addressed this challenge with a comprehensive approach which both: (a) constrains heterogeneity in ASD to a critical diagnostic symptom domain, social communication abilities, and (b) explores heterogeneity within this symptom domain (i.e., "explaining interindividual differences" as mentioned by the reviewer) by identifying neural features that covary as a function of social communication abilities. The rationale for constraining heterogeneity in ASD to a symptom domain is that all individuals with ASD necessarily have pronounced impairments in diagnostic domains, and these domains have considerably less heterogeneity in individuals with ASD relative to other behavioral and cognitive domains. For example, in the social communication domain, which we explore in the current study, all individuals with ASD show pronounced deficits that are categorized by impaired communication and/or reciprocal social interactions (1). In contrast, please consider language function and IQ in children with ASD. Language function and IQ in these individuals varies widely, from very high levels, which are commensurate with neurotypical individuals, through very low levels of language and cognitive function (1-3). We argue that constraining analyses to an ASD diagnostic domain is an important approach for keeping a focus on critical areas that are central to the core deficits in the disorder, thereby providing important insight to clinicians, researchers, parents, and educators regarding the neurobiological bases of these core deficits.

The rationale for exploring heterogeneity within the social communication symptom domain is that high-functioning children with ASD, such as those included in our sample, often show a range of social communication abilities, from mild/moderate deficits to more severe deficits. For example, the Autism Diagnostic Observation Schedule (ADOS-2) is the gold-standard diagnostic instrument for ASD (4), and social communication subscores on the ADOS range from 0 to 22, with a 0 indicating no social communication deficit, a 7 indicating a more mild deficit, and a 22 indicating the most severe deficit. The high-functioning children included in our sample had a range of social communication abilities as measured with the ADOS between 7 and 16. Importantly, understanding the link between social communication symptom severity and social brain processing is a critical question for understanding the neurobiological basis of autism, and is a question that has not been explored in previous studies of human voice processing in children with ASD. The reason this is an important question is that the severity of social communication deficits can play a crucial role in autism models. For example, the social motivation theory of ASD posits that impairments in representing the reward value of human vocal sounds impedes individuals with ASD from engaging with these stimuli and contributes to social interaction difficulties (5, 6). Given the causal link proposed in this model, a key prediction of the social motivation theory is that children with more severe deficits associated with social reward will have greater social communication deficits compared to those children with less severe social reward deficits. Therefore, by examining heterogeneity within the social communication symptom domain, we are able to test an important prediction of an influential ASD model and understand the neural features that may contribute to this heterogeneity.

In our study, we have employed this approach and constrained heterogeneity in children with ASD by focusing on social communication abilities. We then examine heterogeneity within the social communication symptom domain and show that social communication abilities explain significant variance in activity and connectivity of social reward and salience brain regions during human voice processing.

Finally, it is important to note that our inclusion criteria required each participant to have at least 7 functional imaging runs of our event-related fMRI task that met our strict head movement criteria. Requiring a large number of functional runs for each participant is an important approach for increasing statistical power, an issue further elaborated below. This approach has been used primarily in basic human vision experiments, which often use small samples of 3-7 participants with intense scanning in each participant (31-33), and, to our knowledge, is a first for neuroimaging studies in autism, and in children.

> Reviewers who specialise in neuroimaging methods may want to comment on this specific point but the paper would definitely be stronger is the sample size exceeded (or at least matched) the current average in cognitive neuroscience field (ie 30, see Poldrack et al. 2015, Figure 1).

Reproducibility in neuroimaging research represents a major challenge for the study of pediatric clinical populations, such as children with ASD, whose data is considerably more difficult to acquire compared to typically-developing children (8). One consideration here is that while the sample size used in the current study (*N*=21 for both TD and ASD groups) is modest in comparison to recent task-based brain imaging studies of neurotypical adult populations and resting-state or structural studies in individuals with ASD, these types of studies do not face the same data collection challenges as task-based studies in clinical pediatric populations (8). Importantly, resting-state fMRI and structural MRI studies are unable to address specific questions related to social information processing in ASD, such as biologically-salient voice processing, which is critical for understanding the brain bases of social dysfunction in affected children. Furthermore, our sample size is larger than (9-12) or comparable to (13) other task-fMRI studies in children with ASD published since 2017. Moreover, in task-fMRI studies published since 2017 that included \>22 children with ASD, a much smaller number of runs (e.g., 2 runs of each condition (14); 4 runs (15); 1 run (16)) was provided to each participant compared to our study (7-10 runs with all stimulus conditions). This is an important consideration given that sample size is not the only determinant for the replicability of fMRI task data. While previous studies have shown that increasing the sample size can improve the replicability of results (17), an important consideration is that the replicability of task fMRI data is not solely contingent on a large sample size but also depends on the amount of individual-level sampling. A recent report examining this question showed that modest sample sizes, comparable to those described in our submitted manuscript, yield highly replicable results with only four runs of task data with a similar number of trials per run as our study (18). Moreover, replicability from smaller sample sizes using four runs of event-related task fMRI data exceeds the replicability of much larger sample sizes (*N* \> 120) using only one run of block task fMRI data (18).

In the current study, we have used rigorous standards for inclusion that are, to the best of our knowledge, a first for autism and neurodevelopmental neuroimaging research. Specifically, we required that each child participant had at least 7 functional imaging runs of our event-related fMRI task (4 min each) that met our strict head movement criteria. This multi-run approach yields many more trials per condition (\~150) than previous studies, thereby significantly enhancing power to detect effects within each child, and has only been used previously in visual neurosciences research in adults. To our knowledge, these rigorous within-subject criteria, which have been shown to be a critical factor for producing replicable task fMRI findings (18), are a first for autism and neurodevelopmental neuroimaging research.

> Alternatively, the authors should report observed power. This is I think most important for the regression part of the paper. If power is too low, I would recommend moving this part of the paper to the SM and rewriting the main text accordingly.

To provide a better estimate of effect size, we used the originally computed *t*-scores from the whole-brain GLM analysis. Instead of examining the peak, we averaged the *t*-scores in each cluster to compute effect sizes. To estimate effect sizes for the TD vs. ASD group comparisons (i.e., regions identified in Figure 2), *t*-scores from the whole-brain TD vs. ASD group GLM analysis were averaged within each cluster identified in the GLM results. Effect sizes were then computed as Cohen's *d* = *t*-scores/(sqrt(*N/2*)), where *t* is the mean t-score within a cluster *N* is the sample size.

To provide estimates of effect sizes within regions identified in the ASD Social Communication covariate analysis (i.e., Figure 3), *t*-scores from the whole-brain covariate analysis were averaged within each cluster identified in the results. Effect sizes were then computed as Cohen's *f* according to *f* = *t*-scores/(sqrt(*N*)), where *t* is the mean *t*-score within a cluster and N is the ASD sample size: These effect sizes are now reported in the revised manuscript. We report an overall effect size of 0.68 averaged across all clusters identified in the TD vs. ASD group analysis (Figure 2) and an overall effect size of 0.76 averaged across all clusters identified in the ASD Social Communication Covariate analysis (Figure 3).

Reviewer \#2:

> Impaired voice processing in.... children with autism\" by Abrams et al.
>
> This paper reports the uni- and multivariate analysis of fMRI acquired from children with ASD while listening to their mothers\' or strangers\' voice. The authors find quite striking correlations between social disability rating scales and both brain activity and functional connectivity.
>
> The experimental stimuli, writing, analysis and cohort characterization are all of a very high standard. There are some limitations in the actual design that limit the nature of the inferences drawn. In a revised ms, these should be addressed through a subtle reframing and possibly additional discussion points.
>
> 1\) The task stimuli are very well controlled but the task is essentially a passive listening task, with a low level vigilance task designed simply to keep the participants engaged with the stimuli. Therefore, in the absence of an explicit reward, the authors should be cautious of falling foul of reverse inference (Poldrack, 2006) when framing the findings in terms of \"reward circuits\". I guess listening to a voice, particularly a mother\'s voice, is implicitly rewarding, but caution should be taken in drawing to direct an inference in regards to dysfunctional reward processes (see Discussion section).

We thank the reviewer for this comment and acknowledge that, as with all naturalistic and biologically salient stimuli, we cannot know for certain whether aberrant activation and connectivity patterns measured in nucleus accumbens (NAc) and ventromedial prefrontal cortex (vmPFC) in children with ASD reflect reward processing in these regions. However, previous empirical evidence and theory, which we have highlighted in our manuscript, provide a strong theoretical foundation for considering vocal stimuli in the context of reward, even in the absence of an explicit reward task. First, there is a sizable behavior literature that shows the implicitly rewarding nature of the human voice, including mother's voice, in neurotypical children (34-38). Second, behavioral evidence shows that children with ASD often fail to be attracted to human vocal sounds, even when they are able to engage with other sounds in their environment, which suggests that they may not find these sounds rewarding (39, 40). Third, an influential theory posits that social reward processing, such as weak reward attribution to vocal communication, may substantially contribute to pronounced social deficits in children with ASD (5, 6). Given these converging results and theory, we believe that considering reward in the context of diminished activity and connectivity in response to vocal sounds in brain regions that are closely associated with reward processing (i.e., NAc and vmPFC) in children ASD is an important hypothesis. Importantly, we have made every effort to temper statements to avoid issues with reverse inference in the revised manuscript. Specifically, we have used "results suggest..." or "results support/are consistent with the hypothesis that..." in all instances throughout the Abstract, Introduction, Results, and Discussion in which we discuss "reward" in the context of activity or connectivity associated with NAc or vmPFC.

> Indeed, the whole positioning of functional neuroimaging studies as being more informative than behavioural tests should be mindful of the limitations of inferring disrupted functional circuits in disorders unless you are actually probing that function with an appropriate task.

We apologize for any confusion here. Our goal for these statements was to highlight neuroimaging research as an additional tool to test important hypotheses regarding voice and reward processing in children with ASD. We have clarified these statements in the revised manuscript.

> 2\) Similarly, there is no manipulation of attention and therefore no means of telling whether the differences in activation during voice perception in ASD is simply a lack of due interest in, and attention to voices preceding (or consequent) to changes in reward-based learning.

While parametrically manipulating attention to human voices in children with ASD is an important question, unfortunately this was beyond the scope of the current work. Importantly, we hypothesize that a lack of interest in human voice processing is a fundamental prediction of the social motivation theory (5): humans engage and pay attention to rewarding stimuli in their environment, and a consistent lack of attention to a category of stimuli strongly suggests that these stimuli may not be rewarding to an individual (5). It is hoped that future studies will test this prediction and examine the relative contributions of attention and reward for human voices in children with ASD.

> 3\) Again the authors draw a very direct line between mother\'s vs stranger\'s voice and social reasoning/communication (e.g. Abstract). But maternal voice is more than a simple cue but incorporates many other processes, including basic parental attachment and dyadic reciprocation.

We thank the reviewer for requesting clarification here. The relationship we had intended to highlight here was that of the link between social communication abilities in children with ASD and brain activation in social and reward brain areas during voice processing. We have clarified this important point in the revised manuscript.

> 4\) What are the core defining disturbances underlying the diagnosis of ASD in this study? The information in paragraph two of subsection "Participants" simply refers to an algorithm.

Autism spectrum disorder is characterized by pronounced social communication deficits, particularly in the areas of social-emotional reciprocity and verbal and non-verbal communication, and repetitive and restricted behaviors (RRB) and interests (1). As stated in the Participants subsection of the Materials and methods, the children in the ASD sample are considered "high-functioning" and have fluent language skills, normal IQ, and above-average reading skills. Nevertheless, these children are generally characterized as having moderate-to-severe communication impairments, especially in the area of reciprocal conversation (1). We have included additional information regarding the defining characteristics of ASD in the revised Participants section.

> While this might be sufficient for reproducibility, it is inadequate here for two reasons: First, as eLife is a general (not a clinical) journal, more depth and context is required for the broader readership. Second, if the diagnosis relies heavily on social deficits (which I suspect it does), is it then surprising that the strength of between group differences covaries so markedly within the ASD with social deficit scores. If so, is there an implicit circularity between the identification of these regions (Figure 2) and the very strong correlations against ADOS scores? If not, what other effects may be driving these? Such strong correlations are bound to draw attention and I think the authors should therefore pay careful attention to this issue.

We believe that there is confusion regarding how we performed the ADOS covariate analysis within children with ASD. It seems that this confusion stems from the fact that the reviewer misunderstood the analyses and thought that the ADOS covariate analysis used ROIs that were identified from the TD vs. ASD group analysis. This was not the case. Rather, the TD vs. ASD group analysis and the ADOS covariate analysis were separate whole-brain analyses. The use of separate whole-brain analyses in this context avoids circularity mentioned by the reviewer. We have made every effort to clarify this point in the revised Materials and methods and Results sections.

> 5\) This is a modest sample size for the use of machine learning, particularly when using a high dimensional (functional connectivity) feature space. N-fold cross-validation does always not provide strong control here (Varoquaux, 2017): Do the authors undertake a feature reduction step, such as a LASSO?

We thank the reviewer for highlighting this important point. To examine the robustness of SVC and SVR results reported in the Results, a confirmatory analysis was performed using GLMnet (http://www-stat.stanford.edu/\~tibs/glmnet-matlab), a logistic regression classifier that includes regularization and includes a feature reduction step. Results from GLMnet were similar to those reported for SVC and SVR results, and were reported in Results section of the initial submission of this manuscript.

> Is there some logical circularity between identifying features with a group contrast, then using these same features in a between group classifier?

We thank the reviewer for inquiring about this point. As we stated in Materials and methods section of the initial submission:

"The rationale for the use of an a priori network is it is an established method of network identification that preempts task and sample-related biases in region-of-interest (ROI) selection. This approach therefore allows for a more generalizable set of results compared to a network defined based on nodes identified using the current sample of children and task conditions."

We believe that this is not a circular approach for two reasons: (1) the group contrast used to identify ROIs for the functional connectivity analysis was from a previous study (41) in an independent sample of children with ASD relative to the participants in the current study, and (2) the brain imaging approach and analysis employed in that previous study was intrinsic functional connectivity using resting-state data and seed-based analyses, which provides complementary information regarding brain network organization relative to the task-based data and gPPI analysis used in the current study. The importance of this approach was highlighted in the subsection entitled A voice-related brain network approach for understanding social information processing in autism in the Discussion section of the initial submission. We would like to bring special attention to the final sentence in this paragraph (quoted below) which highlights the fact that the networks approach used in the current study bridges a critical gap between findings from intrinsic connectivity analyses (41) and task-based social information processing that is fundamental to social communication deficits in children with ASD.

"A central assumption of \[the intrinsic functional connectivity\] approach is that aberrant task-evoked circuit function is associated with clinical symptoms and behavior, however empirical studies examining these associations have been lacking from the ASD literature. Our study addresses this gap by probing task-evoked function within a network defined a priori from a previous study of intrinsic connectivity of voice-selective networks in an independent group of children with ASD. We show that voice-related network function during the processing of a clinically and biologically meaningful social stimulus predicts both ASD group membership as well as social communication abilities in these children. Findings bridge a critical gap between the integrity of the intrinsic architecture of the voice-processing network in children with ASD and network signatures of aberrant social information processing in these individuals."

> Also, I would avoid using the term \"prediction\" for contemporaneous variables, even when cross-validation is undertaken.

Consistent with many papers in the fMRI literature (42-45), the use of prediction to describe cross-validated results is a widely used convention and therefore we would prefer to use this nomenclature in our study.

> 6\) I don\'t see any model-based analysis of neuronal interactions and hence don\'t think the authors are examining effective connectivity. gPPI is a purely linear model of statistical dependences and their moderation and hence falls into the class of functional connectivity.

We appreciate this suggestion and have removed all instances of "effective connectivity" in the revised manuscript.

> Personally, I would prefer to have seen the author use a more dynamic, model-driven method of effective connectivity, using something like DCM to provide a deeper mechanistic insight into the changes in activation and information flow

While we share the reviewer's interest in providing a deeper mechanistic insight into voice processing in children with ASD, we had significant concern regarding the implementation of DCM in the context of the relatively long TR (3.576 seconds) used in data collection. The reason for this long TR is that it allowed the auditory stimuli to be presented in silent periods between volume acquisitions. Moreover, serious concerns have been raised in the literature regarding DCM (46) especially when estimating causal influences with a large set of nodes as we did in the present study. The gPPI models used in our study are not faced with estimability issues.

> I also am not sure I buy into the choice of ROI\'s that do not show the group effects.

The reason that ROIs were not selected based on a group effect is that this approach could be considered circular, and our goal was to provide a more generalizable set of results compared to a network defined based on nodes identified using the current sample of children and task conditions. The use of an a priori network is it is an established method of network identification that preempts task and sample-related biases in region-of-interest (ROI) selection (47-50).

> However, given the classification success, the authors\' approach seems entirely reasonable. However, please do specify the nature of the gPPI model in the text and supplementary material (what are the nodes, inputs and modulators; is it possible to represent this graphically?).

We examined functional connectivity between ROIs using the generalized psychophysiological interaction (gPPI) model (51), with the goal of identifying connectivity between ROIs in response to each task condition as well differences between task conditions (mother's voice, other voice, environmental sounds). We used SPM gPPI toolbox for this analysis. gPPI is more sensitive than standard PPI to task context-dependent differences in connectivity (51). Unlike dynamical causal modeling (DCM), gPPI does not use a temporal precedence model (x(t+ 1) \~ x(t)) and therefore makes no claims of causality. The gPPI model is summarized in Equation 1 below:

ROItarget\~convdeconvROIseed\*taskwaveform+ROIseed+constant(1)

Briefly, in each participant, the regional timeseries from a seed ROI is deconvolved to uncover quasi-neuronal activity and then multiplied with the task design waveform for each task condition to form condition-specific gPPI interaction terms. These interaction terms are then convolved with the hemodynamic response function (HRF) to form gPPI regressors for each task condition. The final step is a standard general linear model predicting target ROI response after regressing out any direct effects of the activity in the seed ROI. In the equation above, ROItarget and ROIseed are the time series in the two brain regions, and taskwaveformcontains three columns corresponding to each task condition. We have included this description in the revised *Functional Connectivity Analysis* subsection of the Materials and methods.

> 7\) Do the manipulations to the vocal signals (subsection "Stimulus post-processing") possibly warp the sound of the speech? If so, could this influence the ASD responses (ASD being perhaps more tuned to low level features of stimulus inputs).

Manipulations to the vocal signals during stimulus preparation were minimal and were performed on all mother's and unfamiliar voice and environmental sound stimuli included in the study. We hypothesize that significantly warped vocal samples would have resulted in reduced mother's voice identification accuracy is at least one of the TD children, however results showed that all TD children performed above chance on this task, with 20 of 21 TD children revealing \>90% identification accuracy on this task (mean mother's voice identification accuracy in TD children was 98%; see Table 1). Moreover, while there are mixed reports of increased auditory discrimination in individuals with ASD (52-55), with studies showing a relatively small subgroup (\~20%) of individuals with ASD with enhanced auditory perceptual abilities (i.e., "more tuned to low level features of stimulus inputs" as suggested by the reviewer), it is not immediately clear how these enhanced auditory perceptual abilities would diminish one's ability to discriminate mother's voice. An arguably more likely possibility is that established deficits in children with ASD associated with phonological abilities (2, 56-58), which involve the processing of the sound structure of language, would have been linked to reduced mother's voice discrimination accuracy, however results reported above (see reviewer 1) and now included in the Appendix (Appendix 1---figure 1), failed to show a difference in phonological abilities in children with low and high mother's voice identification accuracy.

> Minor Comments:
>
> 1\) Introduction, second sentence: \"affected\" -\> \"ASD\"

Done

> 2\) Figure 1B caption: Please add stats

Done

> 3\) Discussion first paragraph: \"These findings....\"; Third paragraph: \"Our findings....\"

Done

> 4\) Discussion paragraph three: ?\"predicts\"?

As we stated previously, the use of the word "prediction" to describe cross-validated results is a widely used convention (42-45), and therefore we would prefer to continue to use this nomenclature in our study.

> 5\) Subsection "Participants": please add more details regarding the diagnosis; e.g. \"In essence, these ASD....\" (see point 4 above)

Done.

> 6\) Table 1: What are the \"typical\" values of ADOS-social and ADI-A social\"? Are these very impaired children (also see point 4 above).

We have added this information to the *Participants* subsection of the revised Materials and methods.

> 7\) Materials and methods: Were there any between group differences in head motion parameters?

No, there were no between-group differences in head motion parameters. Mean and standard deviation for maximum head motion for TD and ASD groups are included in Table 1, and we have further clarified this point in the revised*Participants* subsection of the revised Materials and methods.

> 8\) Subsection "Effective Connectivity Analysis": I\'m not sure what \"preempts.... biases\" means here -- the authors are not modelling effects in the present data, which I think is a shame (see point 6 above)

Network identification in brain imaging studies presents several challenges. One important consideration is that selecting ROIs based on a GLM contrast from a sample of participants may be considered circular when those ROIs will then be used in a subsequent functional connectivity analysis on that same contrast and sample of participants. Therefore, by using ROIs from a previous study of the intrinsic architecture of voice-selective cortex in a separate sample of children with ASD (41), we have preempted biases associated with both task contrast and participant sample that would have emerged had we used task-based GLM results from the current sample to generate ROIs. Finally, we have provided an explanation for why we have not performed additional causal analyses in section 2.11 above.

Reviewer \#3:

> In this study, Abrams and colleagues examined voice processing in children (average age 10 years old) with and without autism. The specifically were interested in reward and salience circuitry and relate the study back to predictions made by the social motivation theory of autism. The authors applied group-level analyses, brain-behavior correlation analyses, as well as PPI connectivity analyses and applied multivariate classifier and regression analyses applied to the connectivity data. There are several issues which the authors may want to address.
>
> 1\) Small sample size. The sample size for the study was n=21 per group. This sample size is likely not large enough to cover substantial heterogeneity that exists across the population of individuals with autism diagnosis.

We thank the reviewer for this comment and their concern for the ability of our study to address heterogeneity in ASD. As discussed in response to similar reviewer comments, here we have addressed this challenge with a comprehensive approach which both: (a) constrains heterogeneity in ASD to a critical diagnostic symptom domain, social communication abilities, and (b) explores heterogeneity within this symptom domain (i.e., "explaining interindividual differences" as mentioned by the reviewer) by identifying neural features that covary as a function of social communication abilities. The rationale for constraining heterogeneity in ASD to a symptom domain is that all individuals with ASD necessarily have pronounced impairments in diagnostic domains, and these domains have considerably less heterogeneity in individuals with ASD relative to other behavioral and cognitive domains. For example, in the social communication domain, which we explore in the current study, all individuals with ASD show pronounced deficits that are categorized by impaired communication and/or reciprocal social interactions (1). In contrast, please consider language function and IQ in children with ASD. Language function and IQ in these individuals varies widely, from very high levels, which are commensurate with neurotypical individuals, through very low levels of language and cognitive function (1-3). We argue that constraining analyses to an ASD diagnostic domain is an important approach for keeping a focus on critical areas that are central to the core deficits in the disorder, thereby providing important insight to clinicians, researchers, parents, and educators regarding the neurobiological bases of these core deficits.

The rationale for exploring heterogeneity within the social communication symptom domain is that high-functioning children with ASD, such as those included in our sample, often show a range of social communication abilities, from mild/moderate deficits to more severe deficits. For example, the Autism Diagnostic Observation Schedule (ADOS-2) is the gold-standard diagnostic instrument for ASD (4), and social communication subscores on the ADOS range from 0 to 22, with a 0 indicating no social communication deficit, a 7 indicating a more mild deficit, and a 22 indicating the most severe deficit. The high-functioning children included in our sample had a range of social communication abilities as measured with the ADOS between 7 and 16. Importantly, understanding the link between social communication symptom severity and social brain processing is a critical question for understanding the neurobiological basis of autism, and is a question that has not been explored in previous studies of human voice processing in children with ASD. The reason this is an important question is that the severity of social communication deficits can play a crucial role in autism models. For example, the social motivation theory of ASD posits that impairments in representing the reward value of human vocal sounds impedes individuals with ASD from engaging with these stimuli and contributes to social interaction difficulties (5, 6). Given the causal link proposed in this model, a key prediction of the social motivation theory is that children with more severe deficits associated with social reward will have greater social communication deficits compared to those children with less severe social reward deficits. Therefore, by examining heterogeneity within the social communication symptom domain, we are able to test an important prediction of an influential ASD model and understand the neural features that may contribute to this heterogeneity.

In our study, we have employed this approach and constrained heterogeneity in children with ASD by focusing on social communication abilities. We then examine heterogeneity within the social communication symptom domain and show that social communication abilities explain significant variance in activity and connectivity of social reward and salience brain regions during human voice processing.

> Thus, questions about generalizability arise. Can future studies replicate these findings?

Reproducibility in neuroimaging research represents a major challenge for the study of pediatric clinical populations, such as children with ASD, whose data is considerably more difficult to acquire compared to typically-developing children (8). An important consideration is that sample size is not the only determinant for the replicability of fMRI task data. While previous studies have shown that increasing the sample size can improve the replicability of results (17), an important consideration is that the replicability of task fMRI data is not solely contingent on a large sample size but also depends on the amount of individual-level sampling. A recent report examining this question showed that modest sample sizes, comparable to those described in our submitted manuscript, yield highly replicable results with only four runs of task data (18). Moreover, replicability from smaller sample sizes using four runs of event-related task fMRI data exceeds the replicability of much larger sample sizes (*N* \> 120) using only one run of block task fMRI data (18).

In the current study, we have used rigorous standards for inclusion that are, to the best of our knowledge, a first for autism and neurodevelopmental neuroimaging research. Specifically, we required that each child participant had at least 7 functional imaging runs of our event-related fMRI task (4 min each) that met our strict head movement criteria. This multi-run approach yields many more trials per condition (\~150) than previous studies, thereby significantly enhancing power to detect effects within each child, and has only been used previously in visual neurosciences research in adults. To our knowledge, these rigorous within-subject criteria, which have been shown to be a critical factor for producing replicable task fMRI findings (18), are a first for autism and neurodevelopmental neuroimaging research.

> Small sample size also means lower statistical power for identifying more subtle effects, and this is especially important for the context of whole-brain between-group or brain-behavior correlation analysis which the authors have solely relied on for the activation and clinical correlation analyses (see Cremers, Wager, & Yarkoni, 2017, PLoS One).

We thank the reviewer for drawing our attention to these important concepts. From one perspective, identifying more subtle effects comes with its own challenges: weak effects are often viewed with caution irrespective of statistical power. As stated by Reddan, Lindquist, & Wager, (2017, JAMA Psychiatry), "small effects can reach statistical significance given a large enough sample, even if they are unlikely to be of practical importance or replicable across diverse samples."

While we agree that a larger sample size would have been preferred, we argue that the rigorous within-subject criteria implemented for the current study, which is described in detail in response to the points raised in 3.2 above and is a first for neuroimaging studies of children with ASD, bolsters the ability for this study to identify more subtle GLM effects (18). It should also be noted that we also identified significant between-group (Figure 4) and brain-behavior relationships (Figure 5) using an a priori brain network identified from an independent sample of children with ASD (41).

> For multivariate classifiers and regressions, these too produce inflated and over-optimistic levels of predictions with smaller sample size (e.g., Woo et al., 2017, Nature Neuroscience).

We again thank the reviewer for this comment regarding sample size, and have considered the important report by Woo et al. (2017) in the context of our study. While we agree that a larger sample size would have been preferable, we note that the current study avoided analysis procedures identified by Woo et al. that are performed across the dataset before training and testing data (e.g., denoising, scaling, component analyses, and feature selection) and that can create "dependence and optimistic biases in \[cross-validated\] accuracy". Crucially, as discussed previously, we required that each child participant had at least 7 functional imaging runs of our event-related fMRI task (4 min each) that met our strict head movement criteria. The acquisition of high quality brain imaging data, including at least 7 functional runs from each child, is extremely difficult in the context of pediatric clinical populations (8) and is unprecedented in studies of autism.

> 2\) Given the small sample sizes, but relatively strong and justified anatomical hypotheses, why not run ROI analyses instead of whole-brain analyses? Statistical power would likely be increased for ROI analyses, and one can cite more unbiased estimates of effect size. Whole-brain analyses can show us is where the likely effects might be, and this is helpful when we don\'t have strong anatomical hypotheses. But here the authors do have strong anatomical hypotheses, yet they choose an analysis approach that is not congruent with that and penalizes them in terms of statistical power and doesn\'t allow for estimation of unbiased effect sizes.

We thank the reviewer for this remark. We did in fact perform ROI analyses on the GLM results using ROIs from our previous intrinsic functional connectivity paper in children with ASD (41), however several issues emerged when we used this approach. First, intrinsic connectivity results from this previous study identified 16 ROIs, and including all of these ROIs would have required FDR correction, which would have reduced the ability to detect subtle effects. Furthermore, had we limited the number of ROIs included in the analysis to reduce the multiple comparisons issue, it may have appeared that we were selecting and reducing the ROIs after results are known (i.e., SHARKing (59)). Finally, results showed that there was not exact overlap between ROIs from our previous intrinsic functional connectivity study and GLM effects identified in the current study for unfamiliar and mother's voice contrasts, which resulted in GLM activity in reward and affective processing regions (i.e., NAc, vmPFC, anterior insula, anterior cingulate cortex) that did not yield significant GLM results in the *a priori* ROIs. Consequently, we did not report ROI-based GLM results in the initial submission of the manuscript.

While the use of ROIs based on anatomical hypotheses would have been justified for GLM analyses, we do not believe that the use of whole-brain analysis in the context of the current study presents a methodological weakness. Consistent with the reviewer's statement, the use of whole-brain analysis penalized our ability to identify effects, and despite this penalty, GLM results identified effects in reward and salience processing regions in response to vocal sounds in children with ASD.

> What is missing from the paper is an estimate of how big the effects are likely to be, as this is what we should ideally care about (Reddan, Lindquist, & Wager, 2017, JAMA Psychiatry). Future studies that may try to replicate this study will need to know what the effect sizes are likely to be. Meta-analyses ideally need unbiased estimates of effect size. However, all we have to go off of here are the authors figures showing whole-brain maps, that likely just tell us where some of the largest effects may likely be.
>
> 3\) Reported effect sizes in Figure 3 (e.g., Pearson\'s r) are likely inflated given small sample sizes and also due to the fact that it appears that the reported r values in the figure are likely taken from the peak voxel.

The plots in Figure 3 were meant to aid visualization of regional brain responses, and were not intended to reflect effect size. As noted in the excellent report by Reddan, Lindquist, & Wager, effects sizes in brain imaging studies are prone to numerous biases including the number of tests performed and number of brain regions/voxels examined, and the specific brain regions selected. In general, there is no good solution to this problem. A contributing factor is the more stringent GLM activation thresholds that are published in more recent fMRI papers: effect sizes increase when higher voxel-wise *t*-scores are used to compute them -- there is no good solution to this problem. To provide a better estimate of effect size, we used the originally computed *t*-scores from the whole-brain GLM analysis. Instead of examining the peak, we averaged the *t*-scores in each cluster and computed the effect size = *t*-scores/(sqrt(*N*)), where *N* is the sample size. In the revised manuscript, these effect sizes have replaced the *R* and *P* values previously listed in Figure 3 scatterplots, and are also provided in Appendix 1---tables 1 and 2. To provide additional guidance for future studies that seek to replicate our findings, we report an overall effect size of 0.68 averaged across all brain regions examined in the TD vs. ASD group analysis (Figure 2) and an overall effect size of 0.76 averaged across all brain regions examined in the ASD Social Communication Covariate analysis (Figure 3).

> 4\) Scatterplots in Figure 3 show inverted y-axes so that higher numbers on at the bottom and lower numbers are at the top. The reported correlations are negative, and yet the scatterplot shows what looks like a positive correlation. All this confusion is due to the inverted y-axes. The authors should correct the plots to avoid this confusion.

We inverted the y-axes in the initial submission since greater values of ADOS Social Communication scores are associated with more severe deficits, and often readers prefer to see reduced abilities at the bottom of the y-axis rather than at the top. If the reviewer still feels that we should make the change, we would be happy to.

> 5\) The authors heavily rely on reverse inference to relate their findings back to the social motivation theory. However, if their manipulations were powerful enough to create a distinction between a stimulus that was heavily socially rewarding (e.g., mother\'s voice) versus another that is not (e.g., unfamiliar voice), then shouldn\'t there be some kind of difference in the main activation analysis in reward-related areas (i.e. Figure 2B)? In other words the main contrast of interest that might have been most relevant to the social motivation theory produces no group differences in activation in areas like the ventral striatum. Because this contrast doesn\'t really pan out the way the theory predicts, doesn\'t this cast doubt on the social motivation theory, or couldn\'t it be that some of the contrasts in this study can be better explained by some other kind of reverse inference than the social motivation theory?

We thank the reviewer for this comment. Our interpretation of the results is that there was a high degree of variance within the ASD group with regards to neural responses to vocal stimuli, and that variance within the ASD group was comparable to (or exceeded) the between-group variance, prohibiting significant between-group differences. This interpretation is supported by results in TD children (Appendix 1---figure 4A) and the scatterplots in Figure 3 showing the relationship between ADOS Social scores and neural activation profiles in children with ASD. While TD children, who do not have social deficits, showed robust responses in NAc and vmPFC in response to vocal stimuli (Appendix 1---figure 4A), activity in these regions was not evident in the ASD group (Appendix 1---figure 4B) until ADOS Social scores were included as a covariate in the analysis (Main Figure 3). Specifically, these latter results showed that the greater the social function in the children with ASD, the greater the activity in regions associated with reward processing, including NAc and vmPFC. Results provide new evidence for the social motivation theory (5) by suggesting that the degree of social reward impairment varies as a function of social abilities, supporting a link between being *tuned into* the social world and being *rewarded by* the social world.

> 6\) From what I could tell, no manipulation check was done to measure some aspect of how rewarding the stimuli were to participants. This seems critical if the authors want to make strong reverse inferences back to the social motivation theory.

We thank the reviewer for this comment. While we agree that it would have been optimal to have a behavioral measure of vocal reward for these children, we were not confident that we would be able to elicit valid behavioral responses regarding an abstract concept like "reward" from children with ASD as young as 7-8 years old with moderate to severe communication deficits. Indeed, there is concern that neurotypical children in this age range might have difficulty comprehending the nature of "reward" in the context of their mother's voice, a ubiquitous sound source in many children's environment since before birth. Furthermore, to our knowledge, there are no validated behavioral measures for auditory processing analogous to eye-tracking (19, 21, 22) that might have been used for children in this age range to infer reward processing for these vocal sounds.

> 7\) The authors should include a limitations section to their paper.

We have added a paragraph that identifies limitations of the current study to the revised Discussion section.
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\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

We appreciate the enthusiasm of reviewer \#1 for our revised manuscript. To further address the Reviewing Editor's and reviewer \#3's concern regarding our sample size, we have included an additional sentence to the revised limitations section, which is tracked in the revised manuscript. We have also modified the scatterplots as requested by reviewer \#3.
